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Abstract

CFD simulation of pool dynamics in a nuclear reactor's
condensation pool

Anders Jansson

In a nuclear reactor the containment protects the environment from radioactive
emissions. It is separated in two parts, a drywell and a wetwell. The drywell
contains the reactor vessel and the steam pipes. If a steam leakage occurs in
this part of the containment the pressure will increase. To reduce the
pressure raising the reactor safety system uses the pressure suppression
principle. By this principle the steam is condensed in a condensation pool
filled with water. This pool is located in the wetwell part of the containment. 
To connect the drywell and wetwell there are pipes connected between them. These 
pipes are submerged under the water level in the condensation pool. This means 
that steam will be blown down into the condensation pool if the pressure in the 
drywell exceeds the hydrostatic pressure at the pipe outlet in the pool.

In this thesis the blow down process has been studied with computational fluid
dynamics (CFD). The aim was to study the pressure distribution in the
condensation pool during a blow down sequence. It is useful to know the
pressure distribution and the size of the pressure oscillations to calculate
the forces acting on components in the pool and the pool structure. The CFD
method has also been compared to the current used method for this type of
calculations. The current method at Westinghouse uses a program called
SPIEGEL.

Simulations have been made on a model of a blow down pipe and a condensation
pool. This model is called the PPOOLEX facility and is set up at Lappeenranta
University of Technology in Finland. The facility has a simplified design
compared to a real system. The blow down pipe in the PPOOLEX facility has only
opening in the bottom of the pipe while a real blow down pipe has several
small holes scattered along the pipe wrap. One of the simulations made in
this project was based on an experiment performed on the PPOOLEX facility. The
results from the simulation were compared to the experimental results. In that
experiment only air was blown in to the facility. Another simulation was made
where steam was blown into the facility. Two different CFD solvers, CFX and
STAR-CCM+, were used to perform the simulations. Because of the great need for
computing power, however, mostly STAR-CCM+ was used.

The result of the air simulation showed similar values of the pressure
distribution as in experiment. During the simulation also temperatures were
measured and compared to the experiment temperature measurements. In these
results there were larger differences between the simulation and the
experiment, especially for points located in air. Graphic illustrations of
volume fractions and pressures in the facility were produced during the
simulation.

When steam was used as a source fluid in the simulation some problems 
appeared in the solution. The CFD software had problems to get a converging 
solution,probably due to incomplete or incorrect settings for the solver.

The conclusions of this thesis are that CFD can be used to simulate an air
blow down process through the process and get reliable information about the
pressure distribution in the pool. The method needs to be more developed in
steam simulations to be able to calculate the blow down process in a real
reactor. CFD is a good tool to produce graphics of the blow down process.
Different types of physical properties, such as velocities, volume fractions,
and pressure distributions can be illustrated.
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Populärvetenskaplig sammanfattning 
I ett kärnkraftverk bildas ånga som används för att producera elektricitet i ångturbiner. Drifttrycket i 

en kokvattenreaktor (BWR) är 7 MPa och i en tryckvattenreaktor (PWR) 15 MPa. Om en läcka uppstår 

på reaktortanken eller på någon ångledning kommer ånga att läcka ut och trycket öka i 

reaktorinneslutningen. Huvuduppgiften för reaktorinneslutningen är att skydda den omgivande 

miljön från radioaktiva utsläpp. Därför finns säkerhetssystem i reaktorinneslutningen som sänker 

trycket i inneslutningen om ånga läcker ut. Ett av dessa system är en vattenfylld 

kondensationsbassäng dit ångan leds från inneslutningens primärutrymme. Från primärutrymmet 

leds ångan med hjälp av nedblåsningsrör som mynnar ut under vattenytan i kondenationsbassängen. 

I det här projektet har nedblåsningen genom nedblåsningsrören studerats. Fokus har varit på vad 

som händer i kondensationsbassängen under nedblåsningen. Reaktorinneslutningen är i normala fall 

fylld med luft eller kvävgas. Om ånga släpps ut i inneslutningen ökar trycket och ångan trycks ner i 

vattenbassängen för att kondenseras. I inledningsskedet är ångan blandad med luften och även 

nedblåsningsrören är luftfyllda. Det innebär att den första bubblan som bildas vid nedblåsningsrörens 

utlopp i huvudsak består av luft som inte kan kondenseras. I bassängen bildas tryckoscillationer som 

påverkar allt som finns kopplat till bassängen, exempelvis de stöttor som håller fast 

nedblåsningsrören. För att minska de uppkomna krafterna har designen på nedblåsningsrören 

förbättrats och de nedblåsningsrör som används idag har flera små hål utspridda längs rörets mantel, 

mestadels i nedre delen av röret men även längre upp. 

Syftet med det här projektet var att undersöka om tryckutbredningen i kondensationsbassängen kan 

simuleras med beräkningsbar strömningsdynamik (CFD). Som grund för en första simulering 

användes experiment gjorda av Lappeenranta tekniska universitet i Finland (LTU) på en modell av ett 

riktigt nedblåsningsrör och kondensationsbassäng. Modellen har dock enklare utformning på 

nedblåsningsröret, öppning endast i botten av röret. En datormodell av den finska modellen byggdes 

för att sedan beräknas med CFD lösare. Två olika CFD lösare har använts under projektet; CFX och 

STAR-CCM+. På grund av stort behov av beräkningskraft användes dock mestadels STAR-CCM+. I 

projektet har även CFD metoden jämförts med den beräkningsmetod som man för närvarande 

använder på Westinghouse för den här typen av beräkningar. 

Som förlaga till den första simuleringen användes ett experiment där enbart luft blåstes ner i 

kondensationsbassängen. Resultaten av simuleringen jämfördes sedan med motsvarande 

experiment. Försök gjordes även med nedblåsning av ånga, dock uppstod problem med att få en 

fungerande simulering på grund av beräkningsmässiga svårigheter. Försöken som gjordes med 

nedblåsning av ånga hade problem med att få en konvergerande lösning. Förmodligen beror detta på 

ofullständiga eller felaktiga initialvillkor för simuleringen. En mängd olika parametrar behöver 

definieras för att CFD lösaren ska kunna simulera det verkliga fysiska systemet korrekt. 

Resultaten av luftsimuleringen visar att CFD kan användas för att få en bra bild över 

tryckutbredningen i kondensationsbassängen under ett nedblåsningsförlopp. Ett antal mätpunkter 

placerades i bassängen i datormodellen på motsvarande ställen som i experimentet. De visade i 

huvudsak överensstämmande resultat. Även temperatur i modellen simulerades och jämfördes med 

experimentets mätvärden. Dessa skilde sig åt något mer, framförallt i de mätpunkter som var 

placerade i luft. Både simuleringen och experimentet påvisar att luft med olika temperatur skiktar 

sig. Temperaturmätningarna skiljer sig mycket åt beroende på vid vilken höjd mätningen sker. 



 
 

 

Slutsatsen av projektet är att CFD fungerar bra för att simulera en nedblåsning med luft i 

kondensationsbassängen. Det är också en bra metod för att producera grafik av 

nedblåsningsförloppet. För att simulera nedblåsning av ånga bör metoden utvecklas ytterligare. 

  



 
 

Executive summary 

In this project computational fluid dynamics (CFD) have been used to simulate a blow down of air 

and steam into a nuclear reactor’s condensation pool. The main purpose of this project was to 

investigate whether this method is suitable for calculating the pressure distribution in the 

condensation pool during a blow down sequence. The CFD method has also been compared to the 

current used method for this type of calculations. The current method at Westinghouse uses a 

program called SPIEGEL.  

First, air was used as blow down fluid and the input data for the simulation were collected from an 

experiment performed at Lappeenranta University of Technology. The results from the simulation 

were compared to the experimental results. Mainly pressure distributions and temperatures were 

compared and they were pretty consistent at most measurement points. Therefore it can be 

concluded that CFD can be used to estimate the air blow down. 

Problems arose when steam was used as blow down fluid. The CFD solver had trouble getting a 

converged and reliable solution. The method needs to be more developed before it can be used for 

calculations in which steam, air and water are present. 

Compared to SPIEGEL, CFD method is more flexible and can be used to get a more overall picture of 

the physical system. The CFD method does also provide a good graphical illustration of the physics in 

the simulated model.    
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1 Introduction 

1.1 Background 

Nuclear reactors have a containment that is used to protect the environment from release of 

radioactivity if an accident occurs inside the reactor building. The construction is designed to resist 

overpressure that can occur in case of an accident. 

In the nuclear reactor there is a safety system for relief high pressure in the reactor containment. To 

be able to build relatively small containments in a BWR (Boiling water reactor) the PS (Pressure 

Suppression) principle is used. By this principle the steam is condensed in a condensation pool filled 

with water. Pipes (spargers) are connected from the upper containment, also called drywell, to a 

lower containment called wetwell. The wetwell contains partly water and the pipe outlets are 

stationed under the water surface. This means that when the pressure in the drywell exceeds the 

hydrostatic pressure at a pipe outlet the gas would be blown down from the drywell to the wetwell 

[1]. The principle for pressure suppression in a BWR is shown in Figure 1. 

 

Figure 1- The principle for pressure suppression in a BWR. Steam flowing from the reactor through the broken steam pipe 
and is led down to the condensation pool. Number 1 is the reactor tank, 2 is a broken steam pipe, 3 is the reactor 
containment, 4 are the spargers, 5 is the condensation pool and 6 is a post-accident filter [2]. 

At normal conditions the drywell contains air or nitrogen. If the pressure in the reactor tank or the 

steam pipes exceed maximal operation pressure or a pipe failure occurs hot steam will be released to 

the drywell and later down into the wetwell. When this blow down occurs also the non-condensable 

gas in drywell will be pushed through the spargers. When these non-condensable gases and steam 

are blown out in the condensation pool pressure oscillations will occur and affect all pool surfaces 
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that are in contact with the water. Resulting vibrations in the building structure will then indirectly 

affect other equipment in the containment. To reduce these vibrations a special design of the 

spargers has been developed [3]. 

Older types of PWRs (Pressure Water Reactors) do not have this type of condensation pools. Instead 

they have a larger containment so the steam does not need to be condensed in water. If high 

pressure still occurs in the containment there are systems for sprinkling inside the containment [1]. 

Newer types of PWR reactors have a system with an IRWST (In-containment Refueling Water Storage 

Tank), which is an adopted technique from the BWRs. IRWST is a water pool where to spargers from 

the reactor and the steam pipes are led.  

1.2 Aim of thesis 

The aim of the thesis is to investigate if CFD (Computational Fluid Dynamics) programs can be used 

for simulating a blow down sequence in a reactors pressure suppression pool and get information 

about the pressure propagation in the pool. This method will be compared to the current method 

used by Westinghouse. Initially, calculations of a simplified geometry sparger will be made to 

evaluate the working method. In the simplified case a CFD model will be made to simulate a 

performed experiment and the results will be compared to measurements from the experiment. The 

first simulation will be based on an experiment in which air is used as the source fluid. The later 

simulation will instead use steam as source fluid. Some of the physical processes will also be 

calculated theoretically and compared with the simulated results. 
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2 Theory 
This section describes the parts of the theory used to perform CFD simulations and the physics 

behind the blow down process. There are also information about the current calculation method and 

the simulated model.  

2.1 Computational fluid dynamics (CFD) 

CFD is a part of the fluid dynamics where the solution of fluid dynamics and heat transfer problems 

can be found using a set of numerical methods, called CFD methods.  

According to this definition the CFD methods can be used to perform numerical analysis of heat and 

mass transfer. The obtained models are used to describe physical processes. Instead of bulk 

properties, such as total energy or entropy of a system in thermodynamics, CFD are used to focus on 

distributed properties in the system, i.e. entire fields such as temperature, pressure and velocity are 

determined. Even when integral characteristics such as friction coefficient and the net rate of heat 

transfer are the goal of analysis, they are derived from distributed fields. This approach is very 

attractive by the level of details it provides, but at the same time this type of distributed solutions 

comes with a high complexity. The equations for distributed properties are mostly, except for very 

simplified models, partial differential equations and often nonlinear. 

Generally three different approaches can be used when solving fluid dynamics problems. 

1. Theoretical approach – Finding analytical solution using governing equations. 

2. Experimental approach – Using a model of a real case and do experiments on the model. 

3. Numerical (computational) approach – Using computational procedures to find a solution 

of the problem. 

All these approaches have advantages and disadvantages and are suitable for different types of 

physical problems. The theoretical approach has the advantage that it provides an exact solution for 

the problem but the mainly disadvantage is that analytical solutions are only possible in a very 

limited class of problems. Typically it must be an artificial or idealized problem.  

The experimental approach is for example wind-tunnel tests that can be used to optimize external 

shapes on airplane parts. It can also be used in design of ships and buildings. The main disadvantages 

of the experimental approach are the technically difficulties to set up the experiment or build a small 

scale model of a real object. It can take several years and the experiments can cause high costs. 

In the numerical approach the ability to describe almost any fluid flow or heat transfer process as a 

solution of a set of partial differential equations is employed. As a result, an approximate solution is 

found. The advantages with this approach compared to the theoretical and the experimental 

approaches are universality, flexibility, accuracy and cost. There are also disadvantages with this 

computational approach. The simulations are dependent of for example correct physical models and 

correct boundary conditions to get an accurate solution. Additionally, turbulence can decrease the 

accuracy of the solution. Most CFD solvers use turbulence models which are approximations of the 

real physics and depend on empirical data for various constants that go into the turbulence model. 

The detailed solution that CFD provides is also computer resource demanding [4]. 
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2.1.1 Governing equations of fluid dynamics 

Computational fluid dynamics is based on fundamental governing equations of fluid dynamics. These 

equations describe the physics upon which all of the fluid dynamics are based. The following physics 

laws are adopted on these equations [5]: 

 Mass is conserved for the fluid. 

 Newton’s second law; the rate of change of momentum equals the sum of forces acting 

on the fluid. 

 First law of thermodynamics; the rate of change of energy equals the rate of heat 

addition and the rate of work done on the fluid. 

2.1.1.1 Mass conservation 

One relevant law in fluid dynamics is that matter can neither be created nor destroyed. The law of 

conservation says that the rate of change of mass in a control volume is equal to the mass flux 

through the surface of the control volume. It can simplified, mathematically, be described as: 

 

 

 
  

  
 ∑ ̇  ∑ ̇

     

  

 

(1) 

where   is the mass in the volume and  ̇ is the mass flow in the inlet and the outlet. 

In Cartesian coordinate system this can be described on the partial differential form as 

 
  

  
 

     

  
 

     

  
 

     

  
    (2) 

where the fluid velocity are described by the local velocity components      , which are functions 

of location and time.   is the density in the volume and must take into account if the fluid is 

compressible [5]. 

2.1.1.2 Momentum equation 

The sum of forces acting on the fluid element is equal to the product of the mass and acceleration of 

the element. Along the  -axis, the momentum equation is: 

          (3) 
 

where         , is the substantial derivative of the velocity component in  -direction (   

      and         , are the substantial derivatives in  -direction and  -direction). The mass in 

the fluid element is        , which means the right hand of equation can be written as: 

  
  

  
        (4) 

   
The left hand of the equation is the forces acting on the fluid element. These forces are body forces 

and surface forces. Examples of body forces are the gravity and the electromagnetic forces. Surface 

forces on the velocity component   come from normal stress and tangential stress acting on the fluid 

element. The momentum equation in  -direction can be rewritten as: 
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In the   and   directions there are similar equations, but other normal stresses, tangential stresses 

and body forces act in these directions [5]. 

2.1.1.3 Energy equation 

According to the first law of thermodynamics, energy conservation can be described as [5]: 

 
                                                   (  ̇)  

                          ̇ . 
(6) 

 

2.2 Turbulence 

Turbulent flow is characterized by the random fluctuations that appear in the properties of the fluid. 

These fluctuations occur when the laminar fluid motion is disturbed. It can be induced by surface 

roughness or the free stream of the fluid motion, in particular if the flow rate is high. The turbulence 

in a fluid depends on the ration between friction forces and viscous forces. At a low Reynolds number 

are the friction forces smaller than the viscous forces and the natural disturbance in flow are 

dissipated so the flow remain laminar. At high Reynolds numbers, the friction forces are sufficiently 

large to amplify the disturbance and the flow will be turbulent. To describe for example a velocity 

over time in a turbulent flow, the velocity vector is decomposed to one steady mean value and one 

fluctuating component. This can be expressed as: 

       ̅       , (7) 
 

where  ̅ is the mean velocity and       is the fluctuation. The fluctuation is random so it has to be 

determined from statistics.      

Many fluid flows are turbulent and the turbulence is something to take in account when performing 

CFD calculations. Laminar fluid flows can be completely described by the governing equations. In 

simple cases it can be done analytically and for more complex cases it can be made by CFD. For 

turbulent flows, turbulence models are used to predict the effects of the turbulence [5]. Different 

types of turbulence models can be used and they can be divided into the following groups [6]: 

 Algebraic models 

 One-equation models 

 Two-equation models 

 Reynolds stress models 

All the above models are based on the RANS-equations (Reynolds-averaged Navier-Stokes 

equations). There are also other models that can be used for turbulence modeling e.g. Large eddy 

simulation (LES) or Detached eddy simulation (DES). However these models require more 

computational power. 
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2.3 Errors and uncertainty in CFD analysis 

When CFD are used to solve a physical problem the solution inevitably contains errors and 

uncertainties. Errors can be defined as a deficiency that occurs because of limitations in the technical 

capacity of solution tools and computer resources. An uncertainty is deficiencies that occur because 

of lack of knowledge of for example physical conditions for the simulation model. Simplified, both 

the errors and uncertainties can be named as errors and be divided into the following groups [4]: 

 Errors of physical model 

 Discretization errors 

 Errors of solution of discretization equations (iteration errors) 

 Programming errors 

2.3.1 Errors of physical model 

A physical model is used to emulate a real physical system. The physical model may behave 

differently from the real physical model during the simulation. The reasons are that all the underlying 

partial differential equations are not exact. Equations for mass, momentum and energy conservation 

are exact but others are just empirical computed and not completely accurate. However, these errors 

can be assumed to be small. Another larger source of error is the modeling approximations that have 

to be done when the complex problem is unsuitable for direct numerical analysis. This includes for 

example the turbulence. Properties for fluids are also a source of errors. Real fluids may have 

different density and viscosity at different temperatures, pressures and concentrations, which are 

not well documented. These properties are often approximated by constants. Spatially, the physical 

model only sets up a part of a real physical system so everything that can affect the solution of the 

problem is not included [4]. 

2.3.2 Discretization errors 

Discretization errors occur when the physical model’s partial differential equations are solved by a 

system of algebraic discretization equations. The definition of the discretization error is the 

difference between the exact solution of the partial differential equations and the exact solution of 

the algebraic discretization equations. The behaviors of the errors are determined by the order of the 

discretization scheme that is used. The type of grid used in the calculation also affects the 

discretization error [4]. 

2.3.3 Errors of solution of discretization equations (iteration errors) 

When the discretization equations are solved are errors inevitable.  The round-off error in computer 

operations is one component in this type of error. Fortunately, this round-off error is often not 

important because it is several orders lower than other errors. A more important error appears when 

the discretization equations are solved with an iteration method. The iterations cannot continue 

indefinitely. They have to be stopped when the level of the error is acceptable. Which level that 

should be the tolerance level is case-specific but in general there is no need to continue to the round-

off level of accuracy. A generally accepted criterion is that the iteration error is at least one order in 

magnitude smaller than the discretization error [4]. 

2.3.4 Programming errors 

One type of programming errors is caused by the CFD program user. There are many opportunities to 

make mistakes when setting for example boundary conditions or physical parameters or when 

defining the geometry. Other types of programming errors can be made in the CFD solver program 
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code. These errors can either be fatal errors that prevent the code from executing or errors that 

gives wrong results. It can also be errors that only occur in certain special calculations. The latter type 

of error is the most dangerous and also the most difficult to detect [4]. 

2.4 Wall treatment and y+ value 

The y+-value is a non-dimensional distance, similar the local Reynolds number, used to describe how 

coarse or fine the mesh is for a particular flow. Viscous damping reduces the tangential fluid velocity 

fluctuations while kinematic blocking reduces normal fluctuations nearest the walls. In the outer 

parts of the near-wall region the turbulence is rapidly augmented by the production of turbulent 

kinematic energy, which comes from large mean velocity gradients. An accurate presentation of the 

flow in the near-wall region enables successful prediction of turbulent flows at wall boundaries [7]. 

To calculate the y+ value, one can use the relations that say: 

     
    

 
  (8) 

 
 
 
 

   
     

   
   

  (9) 

       
     

 

 
  (10) 

 
 
 
 

      √
     

 
     (11) 

    
        

 
  (12) 

 

where    is the freestream velocity (m/s),   is the freestream density (     ),   is the dynamic 

viscosity (       ),   is the reference length (m),    is the space between wall and center of first 

mesh cell and     is the Reynolds number [8]. 

Boundary layers near walls are problematic when it comes to CFD calculation. The velocity of a fluid 

near walls has a steep velocity profile and if the flow is turbulent the profile will get even more 

complex. To obtain an accurate simulation in this area there are some methods. . A boundary layer 

has three zones. Nearest the wall is the viscous sublayer, then the buffer layer or blending region and 

finally the fully turbulent or log-law region. In one approach, the flow equation in the viscous 

sublayer and buffer layer is not resolved. Instead, “wall functions” are used to correlate the viscous 

stress at the wall with flow in the fully turbulent layer. This method is called high Reynolds 

turbulence modeling. 

A second approach is called low Reynolds turbulence modeling. The flow equation of the inner layer 

is resolved and the turbulence models are modified with near-wall models. Since the flow right next 

to the wall is almost laminar, damping functions are inserted in the turbulence model to adequately 

damp the turbulence next to the wall. This approach requires a sufficient fine mesh but there is no 

need for wall functions. The approach is computational expensive, particularly for large Reynolds 

numbers [7]. 
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Which of these approaches that should be used can be discussed. For many applications the wall 

function method is perfectly adequate, but for many other applications is it necessary to resolve the 

viscous layer. The approach that uses wall functions is useful in models where the turbulence near 

wall is not explicitly damped. Examples of these models are the Spalart-Allmaras high-Reynolds 

number model; the standard and realizable K-Epsilon models; and standard and SST K-Omega 

models. When this approach is used, the centroid of the first mesh cell should be situated in the log-

law region where the ratio between the turbulent and the laminar influences, the y+ value, is over 

30. However, there are no significant errors with y+ values down to 12. With large numbers of y+ the 

potential for errors increase, so it is suitable to have a y+ value between 30 and 50. The second 

approach where the viscous layer flow equation is resolved can be used if the y+ value is lower than 

1 [7]. 

Besides these two approaches, there is a hybrid method which is called all-y+ method. It tries to 

emulate the high y+ method for coarse meshes and the low y+ method for fine meshes. This method 

is also constructed to produce reasonable solutions for meshes in the region between, when the first 

cell is situated in the buffer layer [7]. 

2.5 Volume of fluid 

The Volume of fluid (VOF) method uses a simple multiphase model. It is capable to resolve and track 

the interface between phases in a mixture of several immiscible fluids on numerical grids. It is 

assumed that all phases share velocity, pressure and temperature fields. It is no need for extra 

modeling of interphase interaction and the model assumption that all phases share velocity, 

temperature and pressure fields becomes a discretization error. 

The VOF method is numerically efficient when each fluid constitutes a large structure and has a 

relative small contact area between the phases [8]. The distribution of each phase is defined in terms 

of the volume fraction of each phase. For a fluid a function, F, is defined with unity value at any 

points occupied by fluid and otherwise zero. The average value of F in a cell will be the fraction of the 

fluid in cell. With this function,F, a cell with value one concludes only the fluid and a cell with value 

zero no fraction of the fluid. A cell with a value between zero and one indicates that it contains the 

free surface [10]. 
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2.6 Types of condensation 

Condensation of steam occurs different ways when it is exhausted through the spargers. The mode 

of condensation is depending on the steam mass flux and the pool water temperature.  Figure 2 

describes the relationship between the pool temperature and the mass flow. 

 

Figure 2- Condensation modes when steam is exhausted through the spargers [11] 

2.6.1 Condensation inside blow down pipe 

This type of condensation occurs when the steam mass flux is low and the water temperature in the 

pool is low. When the steam condenses a sharp decrease in the local steam pressure occurs. This 

process is very rapid and a negative pressure in the pipe initiates a water hammer in the pipe as the 

pipe begins to be filled with water. When it is filled up with water a high pressure pulse is created 

and the water level moves strongly up and down in the sparger pipe [12].    

2.6.2 Chugging 

With increased mass flux chugging or random condensation phenomena occurs. It takes place with a 

flux up to           [3]. When chugging occurs, the water level moves downwards inside the 

sparger and forms a steam bubble at the pipe outlet. A rapid condensation of the bubble, when it is 

in contact with the pool water, generates a negative pressure. Then, the water level moves upwards 

in the sparger until the steam pressure is strong enough to push it down again. Chugging induces 

dynamic loads on submerged pool structures [12]. Chugging also appears when small fractions of 

inert gas, for example nitrogen or air, are present in the steam [3].     

2.6.3 Condensation oscillations 

Further increase of the steam mass flux leads to condensation oscillations. At condensation 

oscillations, all the condensation occurs in the water pool. Steam bubbles are formed at the pipe 

outlet and condensed but the high mass flux prevents water ingress into the sparger. The 
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condensation oscillations look like a flickering flame and cause unsteady loads on the pool structure 

[12]. Condensation oscillation appears with an amount of over one percent inert gas in the steam [3].  

2.6.4 Quasi-Steady oscillation 

With very high steam flows the interface between the water and the steam are kept at the pipe 

outlet and steam are condensed steadily. No big loads occur on the submerged pool structures [12]. 

2.7 Charging the drywell 

When the drywell part of the tank is filled from the inlet pipe, the internal energy will be increased 

with changing temperatures and pressures as a result. The following section describes what happens 

in the drywell. 

If the tank is treated adiabatic, the change in internal energy can be described as: 

                                (13) 
 

where   and    are the temperatures at the end and in the beginning respectively.  ,   are 

pressures and  ,   are masses in the tank. The mass of air flowing into the tank is given by 

       . The specific enthalpy of the air flowing into the vessel is given by         

       , where     is the specific internal energy of the air and     is the density of the incoming air. 

Internal energy of the gas is               . If we define the internal energy at temperature    

to be zero, the internal energy at temperature   will be              . 

Then we have the relation: 

                     (14) 
 

For ideal gases, it is known that       , where p is the pressure in the gas,   is the volume of the 

gas,   is the molar amount of gas and   is the general gas constant. Therefore the mass of air in the 

vessel can be written as: 

   
 

 

 

 
    (15) 

 

where    is the volume of the vessel. When we know this the change in internal energy can be 

written as: 

    
 

 

 

 
            (16) 

 

The mass of gas flowing into the container is: 

          (  
  

 
)  

 

 

 

 
  (  

  

 
)  (17) 

 

By combining (13), (16) and (17) we get the following equation: 

             (  
  

 
)  (18) 
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Since        , the specific enthalpy at temperature    is                 . Therfore we 

have                      and using the relation 
 

 
       we obtain: 

                  (19) 
 

where              for dry air. 

Combining last two equations we see that the temperature increase in the vessel will be: 

               (  
  

 
)  (20) 

 

The calculation for adiabatic compression is only valid in the first part of the simulation, before the 

air is exhausted through the sparger [13]. 

2.8 Expulsion of the water plug 

When the pressure in the drywell increases the water level in the blow down pipe will start moving 

downwards in the blow down pipe. The following equations describe how the water level and the 

velocity of the water level will change with time. 

The water plug in the blow down pipe is considered as a control volume. Assume that the 

submergence depth is   and the mass of the water plug is  . The law of mass conservation can be 

written as: 

 
  

  
  ̇  (21) 

 

where  ̇ is the mass flow rate at the outlet of the blow down pipe. 

The water plug is affected by forces from the pressure      in the drywell, pressure at pipe outlet   , 

the gravitation,   and the flow friction   . The conservation law of momentum for the water plug is 

expressed as: 

 
 

  
      ̇                   (22) 

 

where   is the water plug velocity. This function can be rewritten as: 

  
   

   
                  (23) 

 

  is here written as        , where   is the position of the water plug’s top surface. Some of the 

other terms can also be rewritten, 

            (24) 
 

where   is the submerge depth and   is the position of the water plug surface, initially    . The 

pressure at submergence depth is: 

            (25) 
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where    is the ambient pressure. The flow friction force is: 

                 (26) 
 

where     is the inner diameter of the pipe and    is the wall shear stress, defined as: 

    
 

 
      (27) 

 

with the Moody friction factor  . 

By combining these equations, the law of momentum conservation can be written as: 

 
   

   
 

     [       ]    

   
 

 

    
(
  

  
)
 

  (28) 

 

The pressure rise in the drywell can be obtained by using equation (15), and becomes: 

      
 

   
          (29) 

 

where the temperature comes from equation (20). 

The expulsion of the water plug can now be solved using equation (28) [12]. 

2.9 Dynamics of the gas bubbles at the blow down pipe outlet 

The bubble formation at the pipe outlet is periodical but the period time is not constant over the 

simulated time. The period time depends on the incoming mass flow in the drywell. The volume of 

bubbles at outlet can be calculated using the following equations if the mass of each bubble is 

known. 

    
 

 

 

 
    (30) 

 

where    is the bubble volume,   is the general gas constant,   is molar mass for the gas,   is the 

temperature of the bubble,   is the pressure and    is the mass of the bubble. If the bubble is 

spherical, the bubble diameter can be written as: 

    (
 

 

 

 

 

 
  )

 
 
  (31) 

 

The mass of each bubble can be calculated from the integral of the mass flow between every bubble 

formation [12]. 
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2.10 Charging the wetwell 

The pressure in the wetwell gas space and the drywell can be determined from the gas law as: 

    
 

 

  

  
    (32) 

 

where    and    is the pressure in the drywell and the gas space of the wetwell. 

The mass of air in the facility in the beginning of the experiment can be divided into the initial mass 

in the drywell,    , and the initial mass in the wetwell gas space,    . This means the initial mass of 

the air is: 

             (33) 
 

The amount of air charged into the facility is: 

             (34) 
 

In the end of experiment is the total mass of air in the facility is: 

          (35) 
 

where           . 

The volumes of the spaces are constant during the experiments and the pressure difference between 

the drywell and the wetwell is: 

           (36) 
 

If the pressure increase is not very rapid, the pressure difference between the drywell and the 

wetwell can be described as the hydrostatic pressure at the blow down pipe submerge depth, i.e. 

                      (37) 

 

When the pressure difference between the drywell and the wetwell exceeds the hydrostatic pressure 

the air will flow from the drywell to the wetwell. The ratio between the both spaces may therefore 

be described as: 

 
 

 

  

  
   

 

 

  
  

       (38) 

 

From equation (38) both    and the pressures in the drywell and the wetwell can be determined 

[12].          
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2.11 The current method 

The current method used by Westinghouse for simulation of gas blow down in the condensation pool 

uses a program called SPIEGEL. The program calculates pressure field and pressure gradients in the 

pool that is produced when air and steam are discharged into the pool. This program solves an 

elliptic function that is obtained when sources and sinks are inserted to an electric analogy 

experiment. 

The calculations are based on the method of images. The method of images is a widely used 

technique in classical hydrodynamics. To apply this method on a BWR is it required to unwrap the 

annular geometry into 3-D rectangular geometry. In this unwrapping process some distances are 

shortened or lengthened and curved walls are approximated as straight walls. 

The basic assumptions when using the method of images are: 

1. Inviscid potential flow with a bubble represented by a point source 

2. The pool geometry is approximated by a 3-D rectangular geometry 

3. The free surface is stationary and at constant pressure 

4. The flow field is undisturbed by submerged structures 

SPIEGEL uses this method and solves the Laplace equation in order to take into account the effects of 

the free water surface and the pool boundaries on the pressure field. The program does not solve the 

wave equation and are therefore less suitable when the wavelength of the pressure wave is in the 

same order of magnitude or shorter than the pool dimensions. The wavelength can sometimes be 

too short to be calculated, particularly when chugging occurs. 

SPIEGEL gives a stationary solution, and the source strength is therefore adjusted in every time step 

of the calculation. Input data are taken from an experience database which is build up from previous 

tests. Calculations are made at the sparger outlet and in the pool unlike the CFD simulation where 

the outlet properties are determined from upstream properties [13]. 

2.12 The PPOOLEX facility 

PPOOLEX is a facility, at Lappeenranta University of Technology, for studying the behavior of a BWR’s 

condensation pool, drywell and wetwell. The main objective is to increase understanding of different 

phenomena that occur when steam or non-condensable gas are blown down from the drywell to the 

wetwell through the spargers. These phenomena are related to several different issues. For example 

bubble dynamics, thermal stratification, wall condensation and direct contact condensation. Studies 

are also made of interaction between two separate spargers related to these issues. Steam interacts 

with water in the suppression pool by heat transfer, condensation and exchange of momentum via 

buoyancy and drag forces. Large pressure oscillations can occur because of rapid steam 

condensation. 

Several experiments have been done on the facility to investigate these behaviors. In year 2007, the 

first experiments were performed. These experiments, with an air charged pressurized vessel, were 

made to study charging of drywell, expulsion of the water plug from the sparger, bubble dynamics 

and charging of the wetwell. Additionally, displacements of the pool bottom during the experiments 

were measured. These experiments were also used to test the performance of state of the art CFD 

codes. 
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The experiments are designed to emulate a real process that can occur during operation of the 

reactor.  Some of the experiments were focusing on steam condensation in the drywell. In year 2009, 

eleven experiments were performed studying the effect of the number of blow down pipes. Earlier 

experiments in the PPOOLEX facility were made with only one blow down pipe and air used as blow 

down fluid [14] [12]. 

2.12.1 Main parameters for the PPOOLEX facility   

The test facility is made of a pressure tank of steel and the tank is separated into two parts, one 

drywell and one wetwell. The drywell is connected to the wetwell by the blow down pipes which are 

submerged in water in the wetwell. The drywell part of the pressure tank is coupled to an air tank or 

a steam generator via inlet pipes. 

The tank has a height of 7.45 m and a diameter of 2.39 m. The volumes for the drywell and the 

wetwell are         and         respectively. The volumes of the inlet pipe and blow down pipe are 

included. The wetwell is filled with water to a level of 2.14 m above the bottom of the pool. The blow 

down pipe is submerged 1.05 m in water and has a dimension of a DN200 pipe (219.08 mm outer 

diameter). The inlet pipe is a DN200 pipe connected to DN50 pipes (60.33 mm outer diameter) which 

are connected to two air filled tanks. Air mass flow is measured in the inlet pipes with a vortex meter 

[12]. 

In the vessel, several instruments are used for measurement of pressure and temperature. Their 

names and positions, illustrated in Figure 3, are as follows. 

Pressure measurements: 

 P1 – the bottom of the blow down pipe 

 P4 – the wetwell top 

 P6 – the wetwell bottom 

 P1101 – outside the inlet pipe in the drywell 

Temperature measurements: 

 T3 – the top of the blow down pipe 

 T4 – the wetwell top 

 T1 – the blow down pipe outlet 

 T7 – the wetwell middle 

 T8 – the wetwell water surface 

 T1105 – the drywell top  
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Figure 3- The PPOOLEX facility used for the blow down experiments [12]. 

  



17 
 

3 Method 
To perform a CFD simulation of a blow down sequence it is required to build a model of the system 

to be studied. First step is to create a geometric model of the system. Next step is mesh creation to 

divide the geometry into small computable elements. These first two steps can be made by using a 

preprocessor, i.e. ANSA. The following step is to set up physical conditions, boundary conditions and 

solver settings for the model. To do this a CFD solver, i.e. CFX, STAR-CCM+ or OpenFOAM, is used in 

which also the model is calculated. When the model is calculated by the solver the simulation results 

can be studied and evaluated in a postprocessor. In some CFD software products the preprocessor, 

solver and postprocessor can all be included.       

3.1 A CFD model of the PPOOLEX facility 

As an exercise and also a validation of the working method, the PPOOLEX experiments were selected 

as a good project to begin with. The PPOOLEX facility has a simplified design compared to real 

spargers/blow down pipes and analytic data are available from the experiments.  

3.1.1 Creation of the model 

A model of the PPOOLEX facility was made in the preprocessor ANSA. The model geometry was built 

up from cylinders and spheres to get a model resembling the PPOOLEX facility. Data for dimensions 

of the pressure tank, blow down pipe and connection pipes from air tanks was taken from one of the 

experimental reports from VTT Technical Research Centre of Finland. Some dimensions were not 

specified, however, these were estimated by using drawings and photos in the report. 

The next step was mesh generation. Meshing is when the geometry is divided into smaller parts so 

that it will be possible to calculate it with CFD. Both shells and the volume are meshed. The first step 

is to do the shell mesh of the geometry. The mesh is made as a compromise between desired 

accuracy and computer calculation time. Finer mesh is used in parts of the facility where it is more 

interesting to get an accurate solution. This can for example be around a pipe outlet, in the water 

near a pipe outlet and in the pipe. Problems in the shell mesh that can occur are often related to 

transitions between geometry faces. An example is when the specified element length differs 

between two conducting faces. The solution for this problem is to make meshes with the same 

element length at a transition. Other problems can be skewness for the mesh elements or geometry 

parts which are smaller than the mesh element size so that no good mesh can be generated. In ANSA 

is there are several functions to solve these types of problems. ANSA also have a mesh quality check 

control to see if the mesh is good enough for the CFD solver.  

Then the mesh for the boundary layer was produced. The mesh consists of volume prisms created 

over the surface triangle mesh. To generate it, a function called LAYER was used. The function needs 

the number of layers, the height of the first cell and the growth rate for the cell to be specified. 

Problems in the layer generation can occur. For example, it can be bad mesh topologies where a 

proper vector cannot be calculated, bad quality criteria of the resulting elements, intersection of 

layers as they grow or insufficient space for the layers to growth. To reduce the number of problems 

in the layer generation areas where problems are expected can be excluded. ANSA also have some 

functions to solve bad prism afterwards if the layer mesh has been generated. For the layer mesh a 

mesh quality check can also be used. 
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When satisfactory surface and layer meshes have been generated, the remaining volume can be 

meshed. The volume is meshed with tetrahedral elements. After it is generated a mesh quality check 

is performed and bad elements are fixed with some of ANSA’s quality improvement functions.        

The last step in ANSA is to export the model in an appropriate format for the selected CFD solver. In 

this case CFX would be tried first and then STAR-CCM+, so files for both the software were exported. 

3.1.2 Setting up the model for simulation 

Input data were taken from the PPOOLEX experiments. The first simulated experiment was named 

CHAR-09 test 04. 

3.1.2.1 CFX 

The ANSA generated mesh and geometry was imported into the CFX software. The inlet was defined 

and the flow profile was inserted at the inlet boundary layer. Other parts of the model were defined 

as walls. Physic conditions were defined, solver was set up and the model was calculated. 

First a short simulation, about 2 s physical time, with air as source fluid was made. Then steam was 

used in a short simulation but it resulted in divergence of the solution. Due to low computational 

capacity with the available CFX software license (8 CPU cores) and long computation time, it was 

decided instead to use STAR-CCM+ and start with an air simulation. 

3.1.2.2 STAR-CCM+ 

STAR-CCM+ has an own powerful tool for setup of the mesh needed for the CFD calculation. The 

ANSA model was imported into STAR-CCM+ and the volume was remeshed with relevant mesh 

properties. The size of the mesh elements was varied in different parts of the model regions. Around 

the blow down pipe outlet a refined cylindrical formed mesh was placed in order to obtain a more 

detailed view of the air bubble propagation. 

The model inlet was defined at the inlet pipe where the airflow profile also was defined. The other 

parts of the model were defined as walls. Fluids in the simulation were selected and their properties 

were taken from STAR-CCM+’s material library. In the model the position of the water level was 

defined in the wetwell and the corresponding temperature for the fluid was set. The inlet 

temperature of the air drops from 294 K to 287 K during the first ten seconds of the simulation. 

Physics models used for the simulation were set before the calculation to define what mathematical 

formulation would be used to generate the solution. The transient process was simulated during 27 

s. The time step in the model was set to two different values. In the beginning of the simulation (until 

time 1.4 s) before an air bubble is formed at the pipe outlet the time step is set to 1 millisecond. 

After 1.4 s the time step is set to 0.5 ms. 

Pressure and temperature gauges were inserted in the model at the same points as in the 

experiments. Measurements from these gauges were monitored and plotted during the simulation. 

Air flow meters were inserted in both the inlet pipe and the blow down pipe and the measured 

values were plotted. 

Every 10th millisecond during the simulation images of the model that describe the volume fraction of 

fluids, the pressure in the facility, the temperature in the facility and the fluid velocity in the facility 

were saved. 



19 
 

The calculation of the model was partitioned on 88 CPU cores and lasted for 121 hours. 

A summary of all settings in the STAR-CCM+ simulation can be found in appendix B. 

3.1.3 Simulation with a steam inlet mass flow in STAR-CCM+ 

A simulation with steam as inlet source was made in the same model as the air blow down 

simulation. The same inlet mass flow was used and the inlet temperature was set to 150°C. At the 

beginning of the simulation the drywell contained air only and the wetwell was filled with water to 

the same level as before. Most of the other settings were kept the same as in the previous 

simulation. The simulation lasted in 2.7 s physical time.    
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4 Results and analysis  

4.1 Simulation in STAR-CCM+ 

In this section, the results from the simulation of experiment CHAR-09 test 04 are presented.  The 

results of the pressure and temperature measurements from the simulation are compared to 

experimental results.  

4.1.1 Airflow through the inlet pipe  

Air is flowing in to the tank during 27 s and air mass flow varies over time according to the diagram in 

Figure 4. The mass flow has the peak value            after 2.44 s and is decreasing to            at 

the time 27 s. The initial mass flow is           . 

 

Figure 4- Air mass flow through the inlet during the simulation and the experiment. 

The total mass added to the tank is presented in  

Figure 5. At the time 27 s totally 10.85 kg air has been added to the tank. 
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Figure 5- The cumulative mass increase in the tank.   

4.1.2 Analysis of the airflow through the inlet pipe 

The mass flow starts to increase rapidly in the beginning of the experiment. The air is supplied from 

two pressurized air tanks and the flow is driven by the pressure difference between the two air tanks 

and the PPOOLEX facility. The steep increase in the beginning arises probably from the valve opening 

and flow reduction resulting from the decreasing pressure difference. There is a dip in the graph 

around the time 15 s, see Figure 4. This dip could be a result from a temporary compression of the air 

in the drywell when water is pressed up through the blow down pipe. However, this is not likely 

because the pressure in drywell will temporarily decrease when a bubble is dispatched from the pipe 

outlet and the total volume change of drywell air space is small when air is pressed up through the 

pipe. More likely the dip in the graph is a result from some upstream alteration, for example the 

valve opening or the compressor that is used to fill the air tanks. 

4.1.3 Airflow through the blow down pipe 

Figure 6 describes the mass flow through the blow down pipe. The mass flow is measured in the 

upper part of the blow down pipe near the bottom of the drywell. Negative mass flow means that air 

is flowing from the drywell to the wetwell and positive value means that the mass flow is in the 

opposite direction. 

 

Figure 6- Mass flow through the blow down pipe during the simulation. 

The mass flow through the pipe is oscillating due to the bubble formation at the pipe outlet. The 

curve has local minima 23 times during the simulation from 5 to 25 s. This implies a frequency of 1.15 

Hz. Pictures of the bubble formation in the facility are available in appendix A.I  
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4.1.4 Analysis of the airflow through the blow down pipe 

When the bubble has dispatched from the pipe outlet water is flowing up through the pipe and stops 

and even reverses the air mass flow for a short period. The oscillation occurs due to the negative 

pressure generated when the air bubbles are released. 

4.1.5 Pressure in the facility during the experiment and the simulation 

Figure 7 shows the pressure measurements during the simulation in STAR-CCM+ and the 

experimental measurements. The shown pressure (in Pascal) is relative to the ambient pressure, 

which in the simulation was set to 101 325 Pa. Pictures of the pressure distribution in the facility is 

available in appendix A.II.  

 

Figure 7- Illustration of the pressure measurements in the facility during the experiment and the simulation. 

In general the measured pressure is higher than the simulated. 

The simulation of the pressure in p1 starts at 10 172 Pa and ends after 27 s on 54 139 Pa. In the 

measurements the values are 11 465 Pa and 57 807 Pa at the start and the end respectively. In the 

beginning of the simulation the pressure is given by the hydrostatic pressure caused by the pipe 

submerge depth, and this should ideally also be the initial pressure in the measurements. 

The pressure in p4 is 11 Pa in the beginning of the simulation and 43 416 Pa at the end. From the 

experimental measurements the data are 1 949 Pa and 47 402 Pa. In the beginning this value should 

correspond to the ambient pressure. 

The p6 pressure in the simulation starts on 19 451 Pa and ends at 63 121 Pa. In the measurements 

the values are 27 968 Pa and 73 275 Pa. This pressure describes the pressure at the bottom of the 

tank and should be equal to the hydrostatic pressure at the tank bottom. There are large differences 

between the measured and the simulated values which indicate a different depth of water in the 

tank.  
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In the simulation of point p1101 the pressure is 9 Pa from start and 53 821 Pa at the end. In the 

experiment measurements it was 3 965 Pa and 61 848 Pa respectively. 

The pressure curves are quite similar in both the simulation and the experiment. However, the slope 

is slightly steeper on the experiment curves. 

In the simulations the results present periodic oscillations that cannot be seen in the experimental 

data. The reason for this is the limited time resolution of the used experimental data. The 

experimental data is collected from a diagram in the VTT report [12]. The frequency of the 

oscillations in the simulation is 1.15 Hz from the time 5 to 25 s. 

In the simulation made by VTT [12] the pressure values in drywell (p1101) and wetwell (p4, p6) are 

fairly close to the experiment values. However, the measuring points located in air (p1101, p4) are 

somewhat higher in the simulation at the end. At the blow down pipe bottom (p1) the simulated 

pressure value is a bit higher at the end of simulation. There is also some discrepancy for initial 

values in the simulation compared to the experiment values. 

4.1.6 Analysis of the pressure in the facility during the simulation and the experiment 

The start values for different measuring points should correspond to the ambient pressure and the 

hydrostatic pressure in measuring points placed in water. In the diagram it can be seen that the start 

measurements of pressure in the simulation and the experiment differ. The largest difference is at 

the point p6 which is placed at the bottom of the water pool. The pressure at this point should be the 

same as the hydrostatic pressure at this depth. An explanation to this large difference can be that the 

design on the bottom of the basin differs somewhat between the CFD model and the real tank. The 

real basin is probably deeper. Another explanation to the pressure difference at the measuring 

points can be that the ambient pressure is set lower in the simulation than it was in the experiment. 

A small time lag between simulation and experiment can be seen, probably due to a slightly different 

length of the inlet pipe. 
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4.1.7 Temperature in the facility during the experiment and the simulation 

In Figure 8 the temperature at different points in the drywell and the wetwell are shown for the 

simulation and the experiment. Pictures of the temperature distribution in the facility are available in 

appendix A.III. 

 

Figure 8- Illustration of the temperature measurements in the tank during the experiment and the simulation. 

In the beginning of the simulation the temperature in the water pool is defined as 24°C and the 

temperature in the air is 23°C. 

The measuring point T4 is located in the air part of the wetwell near the floor of the drywell. In the 

beginning and the end of the simulation the temperature is 23.0°C and 53.6°C respectively. The 

corresponding experimental values are 23.2°C and 43.7°C. 

The point T7 is located in the middle of the wetwell air space, between the water surface and the 

drywell floor. The simulated values for this point in the beginning and the end are 23.0°C and 33.0°C 

respectively. The corresponding experimental values are 23.2°C and 37.7°C. 

The location of the point T8 is in the wetwell where the water surface is located. The simulated 

values for this temperature are 23.0°C in the beginning and 24.1°C at the end. The corresponding 

experimental values are 21.9°C and 27.0°C. 

In the point T1105 the simulated temperature is 23°C in the beginning and 52.0°C at the end of the 

simulation. The corresponding experimental measurements are 23.4°C and 42.6°C. 
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The graph in Figure 9 shows how the temperatures in the blow down pipe change during the 

simulation and the experiment. One measuring point is located at the pipe outlet and the other is 

located in the blow down pipe near the inlet. 

 

Figure 9- Illustration of the temperature measurements in the blow down pipe during the experiment and the 
simulation. 

The simulated temperature for the point T3 is 23.0°C and 42.5°C in the beginning and the end of 

simulation respectively. The corresponding experimental values are 23.4°C and 38.7°C. The 

simulation shows higher temperatures than the experiment does in general. 

For the point T1 the simulated temperature is 24.0°C at both the start and the end of the simulation. 

The experimental values for this point are 24.2°C in both the beginning and the end. In the simulation 

the temperature is oscillating strongly at the point T1. Oscillations also occur in the point T3. The 

frequency for the oscillations is 1.15 Hz during the time 5 to 15 s. The oscillations in T1 are associated 

with the bubble formation at the pipe outlet.  

The VTT simulation [12] has different values in the temperature points T4 and T1105 compared to 

the experiment results. Both of them have a value about 8°C higher than the experiment values. The 

temperature in the top of the blow down pipe (T3) is about 6°C higher than the experiment value at 

the end. Also in this simulation a fluctuation can be seen for the temperature measurement in point 

T1. The other temperature measurements broadly follow the experimental data. 
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4.1.8 Analysis of the temperature in the facility during the simulation and the 

experiment 

When the temperature values in the measured data and the simulation data are compared some 

differences are observed. The largest difference occurs at measuring points located in air. Most of 

these measurements are higher in the simulation than in the experiment with the exception of the 

point T7, the middle of air space in drywell, which is higher and lower alternately. Large temperature 

stratification can be seen in the air part of the drywell. When comparing the simulated temperature 

of the point T4, the wetwell top, and T7, the wetwell middle, the largest difference is about 30°C. 

This can also explain why the T7 value is lower in the simulation than in the experiment, the vertical 

location of the measurement point can differ slightly between the simulation and the experiment. 

The air temperatures in the blow down pipe are higher in the simulation than in the experiment. 

Additionally, the measurement point in the bottom of the pipe is fluctuating in the simulation but not 

in the experiment. The temporal temperature increase can be deduced from the bubble formation at 

the pipe outlet. A reason why this fluctuation cannot be seen in the measured values could be that 

the temperature sensor is still wet when the air bubble passes and is not able to measure the air 

temperature. The thermometer’s thermal inertia may also contribute to that the rapid fluctuations 

are not registered. 
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4.2 Charging the drywell 

The diagram in Figure 10 shows the temperature rising in the drywell at the start of the simulation. A 

theoretical solution of the temperature rising is compared to the STAR-CCM+ simulation. The used 

theory for the theoretical solution can be found in section 2.7 and the graph is a result from equation 

(20). Data for air temperatures and mass flow were taken from the CHAR-09 test 04 experiment.   

The simulation and the theoretical solution are quite consistent from the start till the time about 2.9 

s, but later they diverge significantly. Around the same time, the first bubble is formed at the pipe 

outlet. 

 

 

Figure 10- Theoretical and simulated temperature rising in the drywell. 

4.2.1 Analysis of the charging of the drywell 

The simulated temperature rising in drywell agrees well with the calculated temperature rising until 

the first bubble is formed at the pipe outlet. When the bubble is formed some air escapes and the 

mass in the drywell gets reduced. 
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4.3 Expulsion of the water plug 

Before the formation of the first bubble, the water plug in the blow down pipe starts to move as the 

pressure in the drywell increases.  The velocity of the plug depends of the incoming mass flow in 

drywell and the dimension of the blow down pipe. The theory for the calculation can be found in 

section 2.8 and the graphs come from equation (28). The used data were taken from the CHAR-09 

test 04 experiment and the friction factor was estimated from a Moody diagram. 

The position of the water surface (z-position) and the velocity of the water plug during the first blow 

down sequence are illustrated in Figure 11. The movement of the water plug is not linear. The z-

position stagnates for a few tenths of a second when it reaches about 0.8 m.     

 

Figure 11- Illustration of the velocity and position of the water surface during a blow down sequence.  

4.3.1 Analysis of the expulsion of the water plug 

The expulsion of the water plug depends of the pressure in the drywell and the incoming mass flow. 

The stagnation of the level and the decrement of the velocity probably come from a sort of 

resistance from the water in the pool. The pressure needs to be higher to expulse the water and form 

a bubble at the blow down pipe outlet. The decrement of the velocity can also be seen in Figure 6 

where the mass flow has a local maximum, after 2.4 s, before the rapid increase of the negative mass 

flow. Figure 11 has this corresponding maximum point (minimum in Figure 11) after just over a 

second since the calculation is slightly time-shifted. 
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4.4 Dynamics of the gas bubbles at the pipe outlet 

The diagram in Figure 12 shows how the period time of bubble formation at the pipe outlet is related 

to the simulation time. A period is defined as the time between one bubble starts to form and 

another starts to form at the pipe outlet. 

 

Figure 12- Change of the period time during the simulation. 

Generally, the period time of bubble formation is larger in the beginning of the experiment and 

decreases during the experiment when the mass flow also decreases. Figure 13 shows how the 

period time is related to the mass flow. 

The mass of the bubbles is also changing during the experiment because of the mass flow. Figure 14-

Figure 16 describes how the bubble mass and the bubble diameter are related to the experiment 

time and the mass flow.    

 

Figure 13- Period time of bubble formation at different mass flows. 
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Figure 14- The masses of bubbles during the simulation. 

 

Figure 15- Diameter of the air bubbles during the simulation. 

 

Figure 16- Bubble diameter as a function of the air mass inflow. 
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4.4.1 Analysis of the bubble dynamics 

There is a weak connection between the mass flow and the period time of bubble formation at the 

pipe outlet. A higher mass flow gives a longer period time. The spread of the period time may have 

several different explanations. It is not just the mass flow which affects the time between the bubble 

formations. Turbulence, waves in the water pool and probably also pressures and temperatures in 

water and air will affect the bubble formation. A more linear connection can be seen between the 

size of the bubbles and the simulation time. The bubbles are larger in the beginning of the simulation 

due to a larger incoming mass flow.  

4.5 Charging the wetwell 

Figure 17 shows the pressure difference between the drywell and the wetwell and also the 

hydrostatic pressure at the pipe outlet. The pressure difference in the experiment is in general about 

2 kPa higher than in the simulation. The hydrostatic pressure at the blow down pipe outlet is 10.3 

kPa. The first time the pressure difference exceeds the hydrostatic pressure is at 2.83 s.  

 

 

Figure 17- Bubbles are formed at the pipe outlet every time the pressure difference between the drywell and the wetwell 
exceeds the hydrostatic pressure. 

4.5.1 Analysis of the charging of the wetwell 

The pressure difference between drywell and wetwell differ in the experiment and the simulation. 

The larger difference in the experiment might come from a calibration error in one of the pressure 

gauges. Besides these deviations the graphs are slightly offset in time which probably comes from a 

difference in the length of the inlet pipe. Since the submersion depth is 1.05 m in both the simulation 

and the experiment, the hydrostatic pressure are about 10 kPa at the pipe outlet. Therefore should 

both the pressure measurement graphs alternate around 10 kPa. 
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4.6 Simulation with steam inflow 

The simulation with steam as source fluid lasted in 2.7 s until the turbulent viscosity was limited in 

several of the mesh cells. The simulation was stopped to reduce the risk of divergence in the 

solution. 

4.6.1 Pressure in the facility during the simulation 

Figure 18 shows the pressure at the measuring points when steam is used as source fluid. 

The initial values for all measuring points are the same as in the simulation with air as inlet source. 

The first bubble is propagating from the pipe after 1.76 s and a new bubble is formed directly after. 

The pressure rising in the measuring points are more rapid than in the air simulation. In the point p6 

the pressure passes 30 kPa after circa 2.6 s. The pressure for the points p1 and p1101 converges 

within two seconds and ends at 22 kPa. The point p4 reaches nearly 10 kPa during the simulation.    

 

Figure 18- Pressure in the facility during the steam simulation. 

4.6.2 Temperature in the facility during the simulation 

Figure 19 shows the temperature rising in the drywell and the wetwell during the steam simulation. 

The temperature in the drywell increases rapidly after 2 s. The temperatures in the points T4 and T7 

follow each other during the simulation and the temperature in T8 increases slightly. 
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Figure 19-Temperature in the drywell and the wetwell during steam simulation. 

Next diagram, Figure 20, shows the temperatures in the blow down pipe during the simulation.  

 

Figure 20- Temperature in the blow down pipe during steam simulation. 

At time 1.76 s when the first bubble starts to propagate a jump in T1 temperature can be seen and 

after 2.1 s both the temperatures increase quickly. 
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4.6.3 Analysis of the simulation with steam mass inflow 

When steam is used as a source fluid the process of temperature and pressure rising is larger and 

faster than when air is used. The first bubble is formed at the outlet after 1.76 s and the pressure in 

the drywell and outside the pipe in the wetwell converges around the same time. 

A steep rise can be seen in the temperature measurement in top of drywell after 2 s. This is a result 

from steam rising to the top of the drywell. 

The turbulent viscosity had reached the limit in several mesh cells at the time when the simulation 

was stopped. This limit is set in the solver settings and it describes the maximum allowable ratio of 

turbulent to laminar viscosity. It is possible to increase this ratio to prevent the warnings but it 

should only be made if the simulation has very high Reynolds number and no occurring errors in the 

simulation setup [8]. 

In the steam simulation there are probably some errors in the simulation setup. These errors may be 

related to how the steam interacts with the other fluids in the model or that properties of the steam 

are improperly defined for this case .The viscosity ratio would probably been smaller with a finer 

mesh or smaller time steps in the simulation.        
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5 Discussion 
This report focuses on the blow down with air but also deals with steam blow down. It turned out 

that it is harder to get a good simulation when both steam and air was blown down. When steam is 

used the simulation also includes condensation and this complicates the solution of the simulation. In 

many cases the solution could not converge, probably due to errors in the initial parameters. 

Solutions could however probably be found by using smaller time steps and more iterations for each 

time step, but it cost in terms of computational power. 

The results showed that it is possible to get a good simulation of the pressure propagation in the 

condensation pool. Pressure probes can be inserted at many different points in the pool to obtain a 

good view of the pressure distribution. Real spargers have struts that hold them attached to the pool 

wall. It may be useful to measure the pressure distribution along the struts and at the attachment 

points to calculate the forces acting on them. 

The struts should also affect the bubbles form and fluid flow in the basin so the results would 

probably been different with them present when the simulation was performed. Another big 

difference between the performed simulation and a real case is the pipe design. In the simulation the 

sparger is just a straight tube with an opening at the bottom. The real spargers have many small 

openings around the bottom of the pipe, but also openings further up the pipe, which gives a 

different shape of the bubbles. 

The simulation results show a difficulty to simulate the correct temperatures compared to the 

measured. The difference between experimental and simulated temperature cannot be explained as 

a consequence of the pressure difference between experiment and simulation if the air 

temperatures is calculated with the gas law. However, an explanation can be difference in the heat 

transfer from the air bubbles to the surrounding water and the tank. Another explanation can be an 

overestimated stratification by the CFD solver in the simulation. 

When the CFD method and the SPIEGEL method are compared there are some differences. In 

SPIEGEL there are some simplifications of the geometry and physic conditions, e.g. a rectangular 

geometry, a stationary free surface and no disturbance by submerged structures. All of these 

simplifications can be simulated with CFD. One advantage with CFD is the possibility to get a more 

comprehensive view of the blow down sequence. CFD can also be used to get graphic illustrations of 

e.g. pressure distribution, volume fractions and flow velocities. The main disadvantage with CFD is 

the great need for computational power. 

In this project the initial purpose was to simulate the blow down process with a real sparger and a 

real blow down sequence. However, the simulation of the simplified case with PPOOLEX showed 

some difficulties in the steam blow down process. Due to the more complex design of the real 

sparger it had been more demanding to simulate with the real sparger from the beginning. It is useful 

to get a good steam simulation of the simplified design before the real sparger is simulated. The 

performed simulation lasted for quite a long time, 27 s. If the real sparger is simulated is it not 

necessary to simulate such a long time. A few seconds would be enough to see the first bubble 

formation. A shorter simulation will reduce the simulation time and the need of computational 

power. The long time simulations is only necessary if the aim is to study long term effects, such as 

temperature rise of the water in the pool. 
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The theoretical calculations of e.g. the temperature rise in drywell and the expulsion of the water 

plug shows that parts of the physics in the simulation can be calculated with basic calculations. 

However, it is only suitable for some of the processes that occur in the model.   
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6 Conclusion 
This project was made to evaluate the usage of CFD as a method to calculate the pressure 

propagation during a steam blow down in a nuclear reactor’s condensation pool or in the IRWST. The 

method was also compared with the current used method at Westinghouse. Some conclusions can 

be made from this project: 

 The CFD method can be used to simulate the blow down of air into the condensation pool. 

The simulation results were similar enough to be used in its application.   

 The method needs to be developed to simulate the steam blow down and to be used on real 

blow down pipes. Convergence problems appeared when steam was used in the simulation 

of the PPOOLEX facility. 

 CFD is a useful tool to produce graphic illustrations of fluid dynamics. Many different physical 

properties can be illustrated with the CFD software. 

 Compared to the current method, SPIEGEL, the CFD method has some advantages. It gives a 

more overall picture of the physical system. The simplifications in the SPIEGEL method can be 

included in the CFD calculation. 

 A detailed CFD simulation is in great need of computational power. To get an accurate 

simulation in the entire facility during a blow down sequence the mesh has to be sufficiently 

fine. The time steps have to be small enough to discover the rapid changes during the 

simulation.              
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Appendix 

A. Images from the simulation 

A.I. Volume fraction of air 
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A.II. Pressure in the facility  
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A.III. Temperature in the facility  
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B. Summary Report: Tank_3D-CAD_Anders_H@Final 

Session Summary 

Date 2013-sep-04 18:01:38 

Simulation M:\STAR\TankH\Tank_3D-CAD_Anders_H@Final.sim 

File size 4.0e+02 MB 

Number of Partitions 6 

Number of Restored Partitions 88 

Software Summary 
 

Version BuildArch: win64 

BuildEnv: intel12.1 

ReleaseDate: Wed Mar 13 19:09:19 UTC 2013 

ReleaseNumber: 8.02.011 

MPI Version Platform Computing MPI-8.1.1.0 

Hardware Summary 
 

Hosts Controller: AndersS-Dator 

Number of Workers: 5 

Worker[1]: AndersS-Dator 

Worker[2]: AndersS-Dator 

Worker[3]: AndersS-Dator 

Worker[4]: AndersS-Dator 

Worker[5]: AndersS-Dator 

Simulation Properties 

  1 Tank_3D-

CAD_Anders_H@Final 

    

  +-1 Parts     

  | +-1 Tank Contacts [] 

  | | |  Descriptions [Ljava.lang.String;@6ee295d8 

  | | |  Face count 16786 

  | | |  Index 2 

  | | |  Tags [] 

  | | |  Meta Data {} 
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  | | +-1 Surfaces     

  | | | +-1 inlet Tags [] 

  | | | |  Meta Data {} 

  | | | +-2 inletpipe Tags [] 

  | | | |  Meta Data {} 

  | | | +-3 pipe Tags [] 

  | | | |  Meta Data {} 

  | | | +-4 plate Tags [] 

  | | | |  Meta Data {} 

  | | | +-5 plate2 Tags [] 

  | | | |  Meta Data {} 

  | | | `-6 wall Tags [] 

  | | |    Meta Data {} 

  | | `-2 Curves     

  | |   `-1 Default Tags [] 

  | `-2 Tank 2 Region Region 1 

  |   |  Contacts [] 

  |   |  Descriptions [Ljava.lang.String;@7c165ec0 

  |   |  Face count 6376 

  |   |  Index 3 

  |   |  Tags [] 

  |   |  Meta Data {} 

  |   +-1 Surfaces     

  |   | +-1 inlet Tags [] 

  |   | |  Meta Data {} 

  |   | |  Boundary Region 1: Tank.inlet 

  |   | +-2 pipe Tags [] 

  |   | |  Meta Data {} 
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  |   | |  Boundary Region 1: Tank.pipe 

  |   | +-3 plate1 Tags [] 

  |   | |  Meta Data {} 

  |   | |  Boundary Region 1: Tank.plate 

  |   | +-4 plate2 Tags [] 

  |   | |  Meta Data {} 

  |   | |  Boundary Region 1: Tank.plate2 

  |   | `-5 wall Tags [] 

  |   |    Meta Data {} 

  |   |    Boundary Region 1: Tank.wall 

  |   `-2 Curves     

  |     `-1 Default Tags [] 

  |        Feature Curve Region 1:Default Feature Curve 

  +-2 3D-CAD Models     

  | +-1 3D-CAD Model 1     

  | `-2 3D-CAD Model 2     

  +-3 Filters     

  +-4 Tags     

  +-5 Contacts     

  +-6 Operations     

  +-7 Descriptions Number of children 1 

  | `-1 Root Described Parts [Ljava.lang.String;@34efe8d4 

  +-8 Continua Continua 2 

  | +-1 Mesh 1 Use Parallel Meshing false 

  | | |  Verbose Output false 

  | | |  OOC translation false 

  | | |  Per-Region Meshing false 

  | | |  Interpolation Option Nearest neighbor 
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  | | |  Interfaces [] 

  | | |  Regions [Region 1] 

  | | +-1 Models     

  | | | +-1 Prism Layer 

Mesher 

Stretching Function Geometric Progression 

  | | | |  Stretching Mode Stretch Factor 

  | | | |  Gap Fill Percentage 25.0 

  | | | |  Minimum Thickness 

Percentage 

10.0 

  | | | |  Layer Reduction 

Percentage 

50.0 

  | | | |  Boundary March Angle 50.0 

  | | | |  Concave Angle Limit 0.0 

  | | | |  Convex Angle Limit 360.0 

  | | | |  Near Core Layer Aspect 

Ratio 

0.0 

  | | | |  Generate Standard Cells 

Only 

false 

  | | | |  Improve Subsurface Quality true 

  | | | +-2 Surface Remesher Do curvature refinement true 

  | | | |  Do proximity refinement true 

  | | | |  Do compatibility refinement false 

  | | | |  Retain geometric features true 

  | | | |  Create aligned meshes true 

  | | | |  Minimum Face Quality 0.05 

  | | | |  Enable automatic surface 

repair 

true 

  | | | `-3 Trimmer Coordinate System Laboratory 

  | | |    Do mesh alignment false 

  | | |    Template mesh type Hexahedra 

  | | |    Template mesh growth type Simple 
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  | | |    Run Optimizer true 

  | | +-2 Reference Values     

  | | | +-1 Base Size Value 0.05 m 

  | | | +-2 Automatic Surface 

Repair 

Connected surface count 

limit 

None 

  | | | | |  Connected surface size 

limits 

None 

  | | | | +-1 Minimum 

Proximity 

Minimum Proximity 0.05 

  | | | | `-2 Minimum 

Quality 

Minimum Quality 0.01 

  | | | +-3 CAD Projection Project to CAD true 

  | | | +-4 Maximum Cell 

Size 

Size type Relative to base 

  | | | | `-1 Relative Size Percentage of Base 100.0 

  | | | |    Absolute Size 0.05 m 

  | | | +-5 Maximum 

Core/Prism Transition Ratio 

Limit cell size by prism 

layer thickness 

false 

  | | | +-6 Number of Prism 

Layers 

Number of Prism Layers 2 

  | | | +-7 Prism Layer 

Stretching 

Prism Layer Stretching 1.01 

  | | | +-8 Prism Layer 

Thickness 

Size type Relative to base 

  | | | | `-1 Relative Size Percentage of Base 33.3 

  | | | |    Absolute Size 0.01665 m 

  | | | +-9 Surface Curvature Enable curvature deviation 

distance 

false 

  | | | | `-1 Basic Curvature # Pts/circle 36.0 

  | | | +-10 Surface Growth 

Rate 

Surface Growth Rate 1.3 

  | | | +-11 Surface 

Proximity 

# Points in gap 2.0 
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  | | | |  Search Floor 0.0 m 

  | | | +-12 Surface Size Relative/Absolute Relative to base 

  | | | | |  Size Method Min and Target 

  | | | | +-1 Relative 

Minimum Size 

Percentage of Base 25.0 

  | | | | |  Absolute Size 0.0125 m 

  | | | | `-2 Relative Target 

Size 

Percentage of Base 100.0 

  | | | |    Absolute Size 0.05 m 

  | | | `-13 Template Growth 

Rate 

Default Growth Rate Fast 

  | | |    Boundary Growth Rate None 

  | | `-3 Volumetric Controls     

  | |   `-1 Volumetric 

Control 1 

Part Group [] 

  | |     |  Shapes [Cylinder 1] 

  | |     +-1 Mesh 

Conditions 

    

  | |     | +-1 Prism Layer 

Mesher 

Customize prism layer 

mesher 

Disabled 

  | |     | +-2 Surface 

Remesher 

Customize surface 

remesher 

Disabled 

  | |     | `-3 Trimmer Customize isotropic size Enabled 

  | |     |    Customize anisotropic size Disabled 

  | |     `-2 Mesh Values     

  | |       `-1 Custom Size Size type Relative to base 

  | |         `-1 Relative 

Size 

Percentage of Base 50.0 

  | |            Absolute Size 0.025 m 

  | `-2 Physics 1 Interfaces [] 

  |   |  Regions [Region 1] 
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  |   +-1 Models     

  |   | +-1 Eulerian 

Multiphase 

    

  |   | | `-1 Eulerian 

Phases 

    

  |   | |   +-1 Water Index 1 

  |   | |   | |  Interfaces [] 

  |   | |   | |  Regions [] 

  |   | |   | `-1 Models     

  |   | |   |   +-

1 Constant Density 

    

  |   | |   |   +-2 Liquid     

  |   | |   |   | `-1 H2O Database Material H2O (Water) [Standard/Liquids] 

  |   | |   |   |   `-

1 Material Properties 

    

  |   | |   |   |     +-

1 Density 

Method Constant 

  |   | |   |   |     | `-

1 Constant 

Value 997.561 kg/m^3 

  |   | |   |   |     +-

2 Dynamic Viscosity 

Method Constant 

  |   | |   |   |     | `-

1 Constant 

Value 8.8871E-4 Pa-s 

  |   | |   |   |     +-

3 Specific Heat 

Method Constant 

  |   | |   |   |     | `-

1 Constant 

Value 4181.72 J/kg-K 

  |   | |   |   |     +-

4 Speed of Sound 

Method Constant 

  |   | |   |   |     | `-

1 Constant 

Value 1500.0 m/s 

  |   | |   |   |     `-

5 Thermal Conductivity 

Method Constant 

  |   | |   |   |       `- Value 0.620271 W/m-K 
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1 Constant 

  |   | |   |   `-

3 Turbulent 

    

  |   | |   `-2 Air Index 2 

  |   | |     |  Interfaces [] 

  |   | |     |  Regions [] 

  |   | |     +-1 Models     

  |   | |     | +-1 Gas     

  |   | |     | | `-1 Air Database Material Air (Air) [Standard/Gases] 

  |   | |     | |   `-

1 Material Properties 

    

  |   | |     | |     +-

1 Dynamic Viscosity 

Method Constant 

  |   | |     | |     | `-

1 Constant 

Value 1.85508E-5 Pa-s 

  |   | |     | |     +-

2 Molecular Weight 

Method Constant 

  |   | |     | |     | `-

1 Constant 

Value 28.9664 kg/kmol 

  |   | |     | |     +-

3 Specific Heat 

Method Constant 

  |   | |     | |     | `-

1 Constant 

Value 1003.62 J/kg-K 

  |   | |     | |     `-

4 Thermal Conductivity 

Method Constant 

  |   | |     | |       `-

1 Constant 

Value 0.0260305 W/m-K 

  |   | |     | +-2 Ideal 

Gas 

Density Limiting false 

  |   | |     | |  Incompressible false 

  |   | |     | `-

3 Turbulent 

    

  |   | |     `-2 Reference 

Values 
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  |   | |       `-

1 Reference Density 

Value 1.0 kg/m^3 

  |   | +-2 Gradients Verbose false 

  |   | |  Gradient Method Hybrid Gauss-LSQ 

  |   | |  Limiter Method Venkatakrishnan 

  |   | |  Least-Squares Quality 

Criterion 

true 

  |   | |  Flat Cells Curvature 

Criterion 

true 

  |   | |  Cell Skewness Criterion true 

  |   | |  Chevron-Cell Criterion true 

  |   | |  Least-Squares Tensor 

Minimum Eigenvalues 

Ratio 

0.1 

  |   | |  Normalized Flat Cells 

Curvature Factor 

1.0 

  |   | |  Maximum safe (positive) 

skewness angle (deg.) 

75.0 

  |   | |  Minimum unsafe (positive) 

skewness angle (deg.) 

88.0 

  |   | +-3 Gravity     

  |   | +-4 Implicit Unsteady     

  |   | +-5 K-Epsilon 

Turbulence 

    

  |   | +-6 Multiphase 

Equation of State 

    

  |   | +-7 Multiphase 

Interaction 

    

  |   | | `-1 Phase 

Interactions 

    

  |   | |   `-1 Phase 

Interaction 1 

Index 1 

  |   | |     |  Interfaces [] 

  |   | |     |  Regions [] 
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  |   | |     `-1 Models     

  |   | |       +-

1 Multiphase Material 

    

  |   | |       | `-

1 Multiphase Material 

    

  |   | |       |   `-

1 Material Properties 

    

  |   | |       |     `-

1 Surface Tension 

Method Constant 

  |   | |       |       `-

1 Constant 

Value 0.074 N/m 

  |   | |       +-2 Surface 

Tension Force 

Marangoni Convection false 

  |   | |       `-3 VOF 

Phase Interaction 

Primary Phase Water 

  |   | |          Secondary Phase Air 

  |   | +-8 Multiphase Mixture     

  |   | | `-1 Mixture     

  |   | |   `-1 Mixture 

Properties 

    

  |   | |     +-1 Dynamic 

Viscosity 

Method Volume-Weighted Mixture 

  |   | |     | `-

1 Volume-Weighted Mixture 

    

  |   | |     +-2 Specific 

Heat 

Method Mass-Weighted Mixture 

  |   | |     | `-1 Mass-

Weighted Mixture 

    

  |   | |     +-3 Speed of 

Sound 

Method Volume-Weighted Mixture 

  |   | |     | `-

1 Volume-Weighted Mixture 

    

  |   | |     +-4 Thermal 

Conductivity 

Method Volume-Weighted Mixture 

  |   | |     | `-     
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1 Volume-Weighted Mixture 

  |   | |     `-5 Turbulent 

Prandtl Number 

Method Constant 

  |   | |       `-

1 Constant 

Value 0.9 

  |   | +-9 Realizable K-

Epsilon Two-Layer 

Two-Layer Type Shear Driven (Wolfstein) 

  |   | |  Normal Stress Term false 

  |   | |  Two-Layer ReY* 60.0 

  |   | |  Two-Layer Delta ReY 10.0 

  |   | |  Convection 2nd-order 

  |   | |  Secondary Gradients On 

  |   | |  Buoyancy Production of 

Dissipation 

Boundary Layer Orientation 

  |   | |  Cmu 0.09 

  |   | |  C1e 1.44 

  |   | |  C2e 1.9 

  |   | |  Ct 1.0 

  |   | |  Sigma_k 1.0 

  |   | |  Sigma_e 1.2 

  |   | |  Sarkar 2.0 

  |   | |  Tke Minimum 1.0E-10 

  |   | |  Tdr Minimum 1.0E-10 

  |   | +-10 Reynolds-

Averaged Navier-Stokes 

    

  |   | +-11 Segregated Flow Convection 2nd-order 

  |   | |  Minimum Absolute 

Pressure 

1000.0 Pa 

  |   | |  Flow Boundary Diffusion true 

  |   | |  Secondary Gradients On 

  |   | |  Delta-V Dissipation Off 
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  |   | +-12 Segregated 

Multiphase Temperature 

Convection 2nd-order 

  |   | |  Flow Boundary Diffusion true 

  |   | |  Secondary Gradients On 

  |   | +-13 Three 

Dimensional 

    

  |   | +-14 Turbulent     

  |   | +-15 Two-Layer All y+ 

Wall Treatment 

Iterative Ustar false 

  |   | +-16 VOF Waves Damping Constant 1 10.0 

  |   | | |  Damping Constant 2 10.0 

  |   | | |  Damping Exponent 2.0 

  |   | | |  Enable Theory Comparison false 

  |   | | `-1 Waves     

  |   | |   `-1 FlatVofWave 

1 

Point On Water Level [0.0, 0.0, 1.473] m 

  |   | |      Vertical Direction [0.0, 0.0, 1.0] 

  |   | |      Current [0.0, 0.0, 0.0] m/s 

  |   | |      Wind [0.0, 0.0, 0.0] m/s 

  |   | |      Light Fluid Density 1.18415 kg/m^3 

  |   | |      Heavy Fluid Density 997.561 kg/m^3 

  |   | `-17 Volume of Fluid 

(VOF) 

Convection 2nd-order 

  |   |    Sharpening Factor 0.0 

  |   |    Angle Factor 0.05 

  |   |    CFL_l 0.5 

  |   |    CFL_u 1.0 

  |   +-2 Reference Values     

  |   | +-1 Gravity Value [0.0, 0.0, -9.81] m/s^2 

  |   | +-2 Reference Altitude Value [0.0, 0.0, 0.0] m 
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  |   | +-3 Reference Density Value 1.0 kg/m^3 

  |   | +-4 Minimum 

Allowable Wall Distance 

Value 1.0E-6 m 

  |   | +-5 Minimum 

Allowable Temperature 

Value 100.0 K 

  |   | +-6 Maximum 

Allowable Temperature 

Value 5000.0 K 

  |   | `-7 Reference 

Pressure 

Value 101325.0 Pa 

  |   `-3 Initial Conditions     

  |     +-1 Pressure Method Field Function 

  |     | `-1 Field Function Scalar Function Hydrostatic Pressure of 

FlatVofWave 1 

  |     +-2 Static 

Temperature 

Method Field Function 

  |     | `-1 Field Function Scalar Function initTemp 

  |     +-3 Turbulence 

Intensity 

Method Constant 

  |     | `-1 Constant Value 0.01 

  |     +-4 Turbulence 

Specification 

Method Intensity + Viscosity Ratio 

  |     +-5 Turbulent Velocity 

Scale 

Method Constant 

  |     | `-1 Constant Value 1.0 m/s 

  |     +-6 Turbulent 

Viscosity Ratio 

Method Constant 

  |     | `-1 Constant Value 10.0 

  |     +-7 Velocity Coordinate System Laboratory 

  |     | |  Method Constant 

  |     | `-1 Constant Value [0.0, 0.0, 0.0] m/s 

  |     `-8 Volume Fraction Method Composite 

  |       `-1 Composite     
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  |         +-1 ScalarProfile Method Field Function 

  |         | `-1 Field 

Function 

Scalar Function Volume Fraction of Heavy Fluid of 

FlatVofWave 1 

  |         `-2 ScalarProfile Method Field Function 

  |           `-1 Field 

Function 

Scalar Function Volume Fraction of Light Fluid of 

FlatVofWave 1 

  +-9 Regions Regions 1 

  | `-1 Region 1 Index 0 

  |   |  Physics Continuum Physics 1 

  |   |  Type Fluid Region 

  |   |  Mesh Continuum Mesh 1 

  |   |  Parts [Tank 2] 

  |   +-1 Boundaries Boundaries 6 

  |   | +-1 Tank.inlet Index 5 

  |   | | |  Type Mass Flow Inlet 

  |   | | |  Interfaces   

  |   | | |  Part Surfaces [Tank 2.inlet] 

  |   | | +-1 Mesh 

Conditions 

    

  |   | | | +-1 Custom 

Boundary Growth Rate 

Custom Boundary Growth 

Rate 

Disabled 

  |   | | | +-2 Custom 

Surface Curvature 

Custom curvature Use Continuum Values 

  |   | | | +-3 Custom 

Surface Proximity 

Custom proximity Use Continuum Values 

  |   | | | +-4 Custom 

Surface Size 

Custom surface size Disabled 

  |   | | | +-5 Customize 

Prism Mesh 

Customize Prism Mesh Use Default Values 

  |   | | | `-6 Customize 

Surface Remeshing 

Disable surface remeshing Disabled 

  |   | | +-2 Physics     
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Conditions 

  |   | | | +-1 Flow 

Direction Specification 

Method Boundary-Normal 

  |   | | | +-2 Mass Flow 

Option 

Specification Option Mass Flow Rate 

  |   | | | +-3 Reference 

Frame Specification 

Option Lab Frame 

  |   | | | `-4 Turbulence 

Specification 

Method Intensity + Length Scale 

  |   | | `-3 Physics Values     

  |   | |   +-1 Mass Flow 

Rate 

Method Table (time) 

  |   | |   | `-1 Table 

(time) 

Table: Time time 

  |   | |   |    Interpolation Linear 

  |   | |   |    Table: Data mass-flow 

  |   | |   |    Table massflowTable_sorted 

  |   | |   +-2 Supersonic 

Static Pressure 

Method Constant 

  |   | |   | `-1 Constant Value 0.0 Pa 

  |   | |   +-3 Total 

Temperature 

Method Field Function 

  |   | |   | `-1 Field 

Function 

Scalar Function inletairtemp 

  |   | |   +-4 Turbulence 

Intensity 

Method Constant 

  |   | |   | `-1 Constant Value 0.01 

  |   | |   +-5 Turbulent 

Length Scale 

Method Constant 

  |   | |   | `-1 Constant Value 0.01 m 

  |   | |   `-6 Volume 

Fraction 

Method Constant 

  |   | |     `-1 Constant Value [0.0, 1.0] 
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  |   | +-2 Tank.inletpipe Index 4 

  |   | | |  Type Wall 

  |   | | |  Interfaces   

  |   | | |  Part Surfaces [] 

  |   | | +-1 Mesh 

Conditions 

    

  |   | | | +-1 Custom 

Boundary Growth Rate 

Custom Boundary Growth 

Rate 

Disabled 

  |   | | | +-2 Custom 

Surface Curvature 

Custom curvature Use Continuum Values 

  |   | | | +-3 Custom 

Surface Proximity 

Custom proximity Use Continuum Values 

  |   | | | +-4 Custom 

Surface Size 

Custom surface size Enabled 

  |   | | | +-5 Customize 

Prism Mesh 

Customize Prism Mesh Specify Custom Values 

  |   | | | `-6 Customize 

Surface Remeshing 

Disable surface remeshing Disabled 

  |   | | +-2 Mesh Values     

  |   | | | +-1 Number of 

Prism Layers 

Number of Prism Layers 3 

  |   | | | +-2 Prism Layer 

Stretching 

Prism Layer Stretching 1.01 

  |   | | | +-3 Prism Layer 

Thickness 

Size type Relative to base 

  |   | | | | `-1 Relative 

Size 

Percentage of Base 20.0 

  |   | | | |    Absolute Size 0.01 m 

  |   | | | `-4 Surface Size Relative/Absolute Relative to base 

  |   | | |   |  Size Method Min and Target 

  |   | | |   +-1 Relative 

Minimum Size 

Percentage of Base 6.25 

  |   | | |   |  Absolute Size 0.003125 m 
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  |   | | |   `-2 Relative 

Target Size 

Percentage of Base 12.5 

  |   | | |      Absolute Size 0.00625 m 

  |   | | +-3 Physics 

Conditions 

    

  |   | | | +-1 Shear Stress 

Specification 

Method No-Slip 

  |   | | | +-2 Tangential 

Velocity Specification 

Method None 

  |   | | | |  Reference Frame Relative To Mesh 

  |   | | | +-3 Thermal 

Specification 

Condition Adiabatic 

  |   | | | +-4 User Wall 

Heat Flux Coefficient Specification 

Method None 

  |   | | | `-5 Wall Surface 

Specification 

Method Smooth 

  |   | | +-4 Physics Values     

  |   | | | `-1 Blended Wall 

Function 

E 9.0 

  |   | | |    Kappa 0.42 

  |   | | `-5 Phase 

Conditions 

    

  |   | |   `-1 Phase 

Interaction 1 

Type Wall 

  |   | |     `-1 Physics 

Values 

    

  |   | |       `-1 Contact 

Angle 

Method Constant 

  |   | |         `-

1 Constant 

Value 0.0 radian 

  |   | +-3 Tank.pipe Index 1 

  |   | | |  Type Wall 

  |   | | |  Interfaces   

  |   | | |  Part Surfaces [Tank 2.pipe] 
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  |   | | +-1 Mesh 

Conditions 

    

  |   | | | +-1 Custom 

Boundary Growth Rate 

Custom Boundary Growth 

Rate 

Disabled 

  |   | | | +-2 Custom 

Surface Curvature 

Custom curvature Use Continuum Values 

  |   | | | +-3 Custom 

Surface Proximity 

Custom proximity Use Continuum Values 

  |   | | | +-4 Custom 

Surface Size 

Custom surface size Disabled 

  |   | | | +-5 Customize 

Prism Mesh 

Customize Prism Mesh Use Default Values 

  |   | | | `-6 Customize 

Surface Remeshing 

Disable surface remeshing Disabled 

  |   | | +-2 Physics 

Conditions 

    

  |   | | | +-1 Shear Stress 

Specification 

Method No-Slip 

  |   | | | +-2 Tangential 

Velocity Specification 

Method None 

  |   | | | |  Reference Frame Relative To Mesh 

  |   | | | +-3 Thermal 

Specification 

Condition Adiabatic 

  |   | | | +-4 User Wall 

Heat Flux Coefficient Specification 

Method None 

  |   | | | `-5 Wall Surface 

Specification 

Method Smooth 

  |   | | +-3 Physics Values     

  |   | | | `-1 Blended Wall 

Function 

E 9.0 

  |   | | |    Kappa 0.42 

  |   | | `-4 Phase 

Conditions 

    

  |   | |   `-1 Phase 

Interaction 1 

Type Wall 
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  |   | |     `-1 Physics 

Values 

    

  |   | |       `-1 Contact 

Angle 

Method Constant 

  |   | |         `-

1 Constant 

Value 60.0 deg 

  |   | +-4 Tank.plate Index 2 

  |   | | |  Type Wall 

  |   | | |  Interfaces   

  |   | | |  Part Surfaces [Tank 2.plate1] 

  |   | | +-1 Mesh 

Conditions 

    

  |   | | | +-1 Custom 

Boundary Growth Rate 

Custom Boundary Growth 

Rate 

Disabled 

  |   | | | +-2 Custom 

Surface Curvature 

Custom curvature Use Continuum Values 

  |   | | | +-3 Custom 

Surface Proximity 

Custom proximity Use Continuum Values 

  |   | | | +-4 Custom 

Surface Size 

Custom surface size Disabled 

  |   | | | +-5 Customize 

Prism Mesh 

Customize Prism Mesh Use Default Values 

  |   | | | `-6 Customize 

Surface Remeshing 

Disable surface remeshing Disabled 

  |   | | +-2 Physics 

Conditions 

    

  |   | | | +-1 Shear Stress 

Specification 

Method No-Slip 

  |   | | | +-2 Tangential 

Velocity Specification 

Method None 

  |   | | | |  Reference Frame Relative To Mesh 

  |   | | | +-3 Thermal 

Specification 

Condition Adiabatic 

  |   | | | +-4 User Wall 

Heat Flux Coefficient Specification 

Method None 
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  |   | | | `-5 Wall Surface 

Specification 

Method Smooth 

  |   | | +-3 Physics Values     

  |   | | | `-1 Blended Wall 

Function 

E 9.0 

  |   | | |    Kappa 0.42 

  |   | | `-4 Phase 

Conditions 

    

  |   | |   `-1 Phase 

Interaction 1 

Type Wall 

  |   | |     `-1 Physics 

Values 

    

  |   | |       `-1 Contact 

Angle 

Method Constant 

  |   | |         `-

1 Constant 

Value 0.0 radian 

  |   | +-5 Tank.plate2 Index 3 

  |   | | |  Type Wall 

  |   | | |  Interfaces   

  |   | | |  Part Surfaces [Tank 2.plate2] 

  |   | | +-1 Mesh 

Conditions 

    

  |   | | | +-1 Custom 

Boundary Growth Rate 

Custom Boundary Growth 

Rate 

Disabled 

  |   | | | +-2 Custom 

Surface Curvature 

Custom curvature Use Continuum Values 

  |   | | | +-3 Custom 

Surface Proximity 

Custom proximity Use Continuum Values 

  |   | | | +-4 Custom 

Surface Size 

Custom surface size Disabled 

  |   | | | +-5 Customize 

Prism Mesh 

Customize Prism Mesh Use Default Values 

  |   | | | `-6 Customize 

Surface Remeshing 

Disable surface remeshing Disabled 
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  |   | | +-2 Physics 

Conditions 

    

  |   | | | +-1 Shear Stress 

Specification 

Method No-Slip 

  |   | | | +-2 Tangential 

Velocity Specification 

Method None 

  |   | | | |  Reference Frame Relative To Mesh 

  |   | | | +-3 Thermal 

Specification 

Condition Adiabatic 

  |   | | | +-4 User Wall 

Heat Flux Coefficient Specification 

Method None 

  |   | | | `-5 Wall Surface 

Specification 

Method Smooth 

  |   | | +-3 Physics Values     

  |   | | | `-1 Blended Wall 

Function 

E 9.0 

  |   | | |    Kappa 0.42 

  |   | | `-4 Phase 

Conditions 

    

  |   | |   `-1 Phase 

Interaction 1 

Type Wall 

  |   | |     `-1 Physics 

Values 

    

  |   | |       `-1 Contact 

Angle 

Method Constant 

  |   | |         `-

1 Constant 

Value 0.0 radian 

  |   | `-6 Tank.wall Index 6 

  |   |   |  Type Wall 

  |   |   |  Interfaces   

  |   |   |  Part Surfaces [Tank 2.wall] 

  |   |   +-1 Mesh 

Conditions 

    

  |   |   | +-1 Custom Custom Boundary Growth Disabled 
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Boundary Growth Rate Rate 

  |   |   | +-2 Custom 

Surface Curvature 

Custom curvature Use Continuum Values 

  |   |   | +-3 Custom 

Surface Proximity 

Custom proximity Use Continuum Values 

  |   |   | +-4 Custom 

Surface Size 

Custom surface size Disabled 

  |   |   | +-5 Customize 

Prism Mesh 

Customize Prism Mesh Use Default Values 

  |   |   | `-6 Customize 

Surface Remeshing 

Disable surface remeshing Disabled 

  |   |   +-2 Physics 

Conditions 

    

  |   |   | +-1 Shear Stress 

Specification 

Method No-Slip 

  |   |   | +-2 Tangential 

Velocity Specification 

Method None 

  |   |   | |  Reference Frame Relative To Mesh 

  |   |   | +-3 Thermal 

Specification 

Condition Adiabatic 

  |   |   | +-4 User Wall 

Heat Flux Coefficient Specification 

Method None 

  |   |   | `-5 Wall Surface 

Specification 

Method Smooth 

  |   |   +-3 Physics Values     

  |   |   | `-1 Blended Wall 

Function 

E 9.0 

  |   |   |    Kappa 0.42 

  |   |   `-4 Phase 

Conditions 

    

  |   |     `-1 Phase 

Interaction 1 

Type Wall 

  |   |       `-1 Physics 

Values 

    

  |   |         `-1 Contact Method Constant 
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Angle 

  |   |           `-

1 Constant 

Value 60.0 deg 

  |   +-2 Feature Curves Feature Curves 1 

  |   | `-1 Default Feature 

Curve 

Part Curves [Tank 2.Default] 

  |   |   `-1 Mesh 

Conditions 

    

  |   |     `-1 Custom 

Surface Size 

Custom surface size Disabled 

  |   +-3 Mesh Conditions     

  |   | `-1 Customize Prism 

Mesh 

Customize Prism Mesh Use Default Values 

  |   +-4 Mesh Values     

  |   | `-1 Trimmer Wake 

Refinement 

    

  |   +-5 Physics Conditions     

  |   | +-1 Energy Source 

Option 

Energy Source Option None 

  |   | +-2 Initial Condition 

Option 

Option Use Continuum Values 

  |   | +-3 Momentum 

Source Option 

Momentum Source Option None 

  |   | +-4 Phase Source 

Option 

Phase Source Term Disabled 

  |   | +-5 Turbulence 

Source Option 

Turbulence Source Option None 

  |   | `-6 VofWave Damping 

Option 

VofWave Damping Option No Damping 

  |   `-6 Physics Values     

  |     +-1 Axis Direction [0.0, 0.0, 1.0] 

  |     |  Coordinate System Laboratory 

  |     |  Origin [0.0, 0.0, 0.0] m 
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  |     `-2 Motion 

Specification 

Motion Stationary 

  |        Reference Frame Lab Reference Frame 

  +-10 Derived Parts Derived Parts 16 

  | +-1 massflowpipe Coordinate System Laboratory 

  | | |  Origin [-212.0, 212.0, 3615.0] mm,mm,mm 

  | | |  Normal [0.0, 0.0, 1.0] m,m,m 

  | | |  Section Mode Single Section 

  | | |  Displayed Index -1 

  | | |  Parts [Region 1] 

  | | `-1 Single section Offset 0.0 m 

  | +-2 P1 Coordinate System Laboratory 

  | |  Point [-212.0, 212.0, 423.0] mm,mm,mm 

  | |  Follow Motion false 

  | |  Parts [Region 1] 

  | +-3 P4 Coordinate System Laboratory 

  | |  Point [353.0, 353.0, 3114.0] mm,mm,mm 

  | |  Follow Motion false 

  | |  Parts [Region 1] 

  | +-4 P6 Coordinate System Laboratory 

  | |  Point [0.0, 0.0, -519.0] mm,mm,mm 

  | |  Follow Motion false 

  | |  Parts [Region 1] 

  | +-5 P1101 Coordinate System Laboratory 

  | |  Point [0.0, -1200.0, 5022.0] mm,mm,mm 

  | |  Follow Motion false 

  | |  Parts [Region 1] 

  | +-6 plane section Coordinate System Laboratory 

  | | |  Origin [-0.0012442448073732293, -



XXXIII 
 

3.9566242980794737, 

5.404694403628205] m,m,m 

  | | |  Normal [0.2444881647825241, 0.0, 

8.016005158424377E-4] m,m,m 

  | | |  Section Mode Single Section 

  | | |  Displayed Index -1 

  | | |  Parts [Region 1] 

  | | `-1 Single section Offset 0.0 m 

  | +-7 plane section 2 Coordinate System Laboratory 

  | | |  Origin [0.0, 0.2, 0.0] m,m,m 

  | | |  Normal [0.0, 1.0, 0.0] m,m,m 

  | | |  Section Mode Single Section 

  | | |  Displayed Index -1 

  | | |  Parts [Region 1] 

  | | `-1 Single section Offset 0.0 m 

  | +-8 plane section 3 Coordinate System Laboratory 

  | | |  Origin [0.0, 0.0, 0.0] m,m,m 

  | | |  Normal [1.0, 0.0, 0.0] m,m,m 

  | | |  Section Mode Single Section 

  | | |  Displayed Index -1 

  | | |  Parts [Region 1] 

  | | `-1 Single section Offset 0.0 m 

  | +-9 plane section 4 Coordinate System Laboratory 

  | | |  Origin [-0.22832246125400027, 

0.375347155828947, 

5.143152617724782] m,m,m 

  | | |  Normal [0.83, 0.09396634995937347, 0.0] 

m,m,m 

  | | |  Section Mode Single Section 

  | | |  Displayed Index -1 
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  | | |  Parts [Region 1] 

  | | `-1 Single section Offset 0.0 m 

  | +-10 T3 Coordinate System Laboratory 

  | |  Point [-212.0, 212.0, 2789.0] mm,mm,mm 

  | |  Follow Motion false 

  | |  Parts [Region 1] 

  | +-11 T4 Coordinate System Laboratory 

  | |  Point [353.0, 353.0, 3340.0] mm,mm,mm 

  | |  Follow Motion false 

  | |  Parts [Region 1] 

  | +-12 T1 Coordinate System Laboratory 

  | |  Point [-212.0, 212.0, 423.0] mm,mm,mm 

  | |  Follow Motion false 

  | |  Parts [Region 1] 

  | +-13 T7 Coordinate System Laboratory 

  | |  Point [353.0, 353.0, 2339.0] mm,mm,mm 

  | |  Follow Motion false 

  | |  Parts [Region 1] 

  | +-14 T8 Coordinate System Laboratory 

  | |  Point [323.0, 323.0, 1473.0] mm,mm,mm 

  | |  Follow Motion false 

  | |  Parts [Region 1] 

  | +-15 T1105 Coordinate System Laboratory 

  | |  Point [0.0, 0.0, 6850.0] mm,mm,mm 

  | |  Follow Motion false 

  | |  Parts [Region 1] 

  | `-16 threshold Mode Outside 

  |    Scalar Field Mass Imbalance 
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  |    Range [-106900.430848, 147940.130816] 

kg/s 

  |    Parts [Region 1] 

  +-11 Solvers     

  | +-1 Implicit Unsteady Time-Step $myTimestep 

  | |  Freeze Time false 

  | |  Temporal Discretization 1st-order 

  | |  Solver Frozen true 

  | +-2 Partitioning Solver Frozen false 

  | +-3 Wall Distance Verbosity 0 

  | |  Parallel memory 

optimization scaling factor 

1.0 

  | |  Solver Frozen false 

  | +-4 Damping Boundary 

Distance 

Verbosity 0 

  | |  Parallel memory 

optimization scaling factor 

1.0 

  | |  Solver Frozen false 

  | +-5 Segregated Flow Reconstruction Frozen false 

  | | |  Reconstruction Zeroed false 

  | | |  Temporary Storage 

Retained 

false 

  | | |  Solver Frozen false 

  | | +-1 Velocity Under-Relaxation Factor 0.5 

  | | | +-1 Under-Relaxation 

Factor Ramp 

Ramp Method No Ramp 

  | | | `-2 AMG Linear 

Solver 

Verbosity None 

  | | |   |  Max Cycles 30 

  | | |   |  Parallel Migration Limit 25 

  | | |   |  Subdomain coarsening 

enabled 

true 
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  | | |   |  Enable direct-solver false 

  | | |   |  Maximum direct-solver 

equations 

32 

  | | |   |  Convergence Tolerance 0.1 

  | | |   |  Epsilon 0.0 

  | | |   |  Cycle Type Flex Cycle 

  | | |   |  Group Size Control Auto 

  | | |   |  Group Size 4 

  | | |   |  Relaxation Scheme Gauss-Seidel 

  | | |   |  Acceleration method None 

  | | |   |  Scaling Disabled 

  | | |   `-1 Flex Cycle Restriction Tolerance 0.9 

  | | |      Prolongation Tolerance 0.5 

  | | |      Sweeps 1 

  | | `-2 Pressure Under-Relaxation Factor 0.15 

  | |   |  Pressure Reference 

Location 

Automatic Selection 

  | |   +-1 Under-Relaxation 

Factor Ramp 

Ramp Method No Ramp 

  | |   `-2 AMG Linear 

Solver 

Verbosity None 

  | |     |  Max Cycles 30 

  | |     |  Parallel Migration Limit 25 

  | |     |  Subdomain coarsening 

enabled 

true 

  | |     |  Enable direct-solver false 

  | |     |  Maximum direct-solver 

equations 

32 

  | |     |  Convergence Tolerance 0.1 

  | |     |  Epsilon 0.0 

  | |     |  Cycle Type V Cycle 
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  | |     |  Group Size Control Auto 

  | |     |  Group Size 4 

  | |     |  Relaxation Scheme Gauss-Seidel 

  | |     |  Acceleration method Bi Conjugate Gradient Stabilized 

  | |     |  Scaling Auto 

  | |     `-1 V Cycle Pre-Sweeps 1 

  | |        Post-Sweeps 1 

  | |        Max Levels 50 

  | +-6 Segregated VOF Under-Relaxation Factor 0.3 

  | | |  Reconstruction Frozen false 

  | | |  Reconstruction Zeroed false 

  | | |  Temporary Storage 

Retained 

true 

  | | |  Solver Frozen false 

  | | +-1 Under-Relaxation 

Factor Ramp 

Ramp Method No Ramp 

  | | `-2 AMG Linear Solver Verbosity None 

  | |   |  Max Cycles 30 

  | |   |  Parallel Migration Limit 25 

  | |   |  Subdomain coarsening 

enabled 

true 

  | |   |  Enable direct-solver false 

  | |   |  Maximum direct-solver 

equations 

32 

  | |   |  Convergence Tolerance 0.1 

  | |   |  Epsilon 0.0 

  | |   |  Cycle Type V Cycle 

  | |   |  Group Size Control Auto 

  | |   |  Group Size 4 

  | |   |  Relaxation Scheme Gauss-Seidel 
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  | |   |  Acceleration method None 

  | |   |  Scaling Disabled 

  | |   `-1 V Cycle Pre-Sweeps 1 

  | |      Post-Sweeps 1 

  | |      Max Levels 50 

  | +-7 Segregated Energy Fluid Under-Relaxation 

Factor 

0.8 

  | | |  Solid Under-Relaxation 

Factor 

0.9 

  | | |  Reconstruction Frozen false 

  | | |  Reconstruction Zeroed false 

  | | |  Temporary Storage 

Retained 

false 

  | | |  Solver Frozen false 

  | | +-1 Fluid Under-

Relaxation Factor Ramp 

Ramp Method No Ramp 

  | | +-2 Solid Under-

Relaxation Factor Ramp 

Ramp Method No Ramp 

  | | `-3 AMG Linear Solver Verbosity None 

  | |   |  Max Cycles 30 

  | |   |  Parallel Migration Limit 25 

  | |   |  Subdomain coarsening 

enabled 

true 

  | |   |  Enable direct-solver false 

  | |   |  Maximum direct-solver 

equations 

32 

  | |   |  Convergence Tolerance 0.1 

  | |   |  Epsilon 0.0 

  | |   |  Cycle Type V Cycle 

  | |   |  Group Size Control Auto 

  | |   |  Group Size 4 
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  | |   |  Relaxation Scheme Gauss-Seidel 

  | |   |  Acceleration method None 

  | |   |  Scaling Disabled 

  | |   `-1 V Cycle Pre-Sweeps 1 

  | |      Post-Sweeps 1 

  | |      Max Levels 50 

  | +-8 K-Epsilon Turbulence Under-Relaxation Factor 0.8 

  | | |  Reconstruction Frozen false 

  | | |  Reconstruction Zeroed false 

  | | |  Temporary Storage 

Retained 

false 

  | | |  Solver Frozen false 

  | | +-1 Under-Relaxation 

Factor Ramp 

Ramp Method No Ramp 

  | | `-2 AMG Linear Solver Verbosity None 

  | |   |  Max Cycles 30 

  | |   |  Parallel Migration Limit 25 

  | |   |  Subdomain coarsening 

enabled 

true 

  | |   |  Enable direct-solver false 

  | |   |  Maximum direct-solver 

equations 

32 

  | |   |  Convergence Tolerance 0.1 

  | |   |  Epsilon 0.0 

  | |   |  Cycle Type Flex Cycle 

  | |   |  Group Size Control Auto 

  | |   |  Group Size 4 

  | |   |  Relaxation Scheme Gauss-Seidel 

  | |   |  Acceleration method None 

  | |   |  Scaling Disabled 
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  | |   `-1 Flex Cycle Restriction Tolerance 0.9 

  | |      Prolongation Tolerance 0.5 

  | |      Sweeps 1 

  | `-9 K-Epsilon Turbulent 

Viscosity 

Under-Relaxation Factor 1.0 

  |    Maximum Ratio 100000.0 

  |    Solver Frozen false 

  +-12 Stopping Criteria     

  | +-1 Maximum Inner 

Iterations 

Maximum Inner Iterations 20 

  | |  Enabled true 

  | |  Criterion Satisfied true 

  | |  Logical Rule Or 

  | +-2 Maximum Physical 

Time 

Maximum Physical Time 27.0 s 

  | |  Enabled true 

  | |  Criterion Satisfied true 

  | |  Logical Rule Or 

  | +-3 Maximum Steps Maximum Steps 1000 

  | |  Enabled false 

  | |  Criterion Satisfied false 

  | |  Logical Rule Or 

  | `-4 Stop File Stop Inner Iterations true 

  |    Path ABORT 

  |    Enabled true 

  |    Criterion Satisfied false 

  |    Logical Rule Or 

  +-13 Solution Histories     

  | `-

1 Tank_H_Solution_History 

Path Tank_H_Solution_History.simh 
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  |   |  Regions [Region 1] 

  |   |  Auto-record true 

  |   |  Scalar Functions [Pressure, Temperature, Volume 

Fraction of Water] 

  |   |  Vector Functions [Velocity] 

  |   |  States 2629 

  |   `-1 Update Trigger Type Time Step 

  |     `-1 Update Frequency Start 0 

  |        Number of Time Steps 20 

  +-14 Solution Views     

  | +-1 Current Solution Solution Time 26.99999999998248 

  | |  Iteration 1051980 

  | |  Time Step 52599 

  | `-

2 Tank_H_Solution_History 

Solution History Tank_H_Solution_History 

  |   |  Iteration 1051600 

  |   |  Time Step 52580 

  |   |  State Index 2628 

  |   |  State Name State 2629 

  |   |  Solution Time 26.990499999982504 s 

  |   `-1 Animation Animation Mode Solution Time 

  |     `-1 Solution Time 

Animation 

Start Solution Time 0.0 

  |        End Solution Time 26.990499999982504 

  |        Cycle Time (seconds) 54.0 

  |        Auto Range false 

  +-15 Reports Reports 13 

  | +-1 inlettemp Scalar Field Function inletairtemp 

  | |  Representation Volume Mesh 



XLII 
 

  | |  Parts [Region 1: Tank.inlet] 

  | |  Smooth Values false 

  | |  Units K 

  | +-2 Mass Flow Pipe Representation Volume Mesh 

  | |  Parts [massflowpipe] 

  | |  Smooth Values false 

  | |  Units kg/s 

  | +-3 Mass Flow inlet Representation Volume Mesh 

  | |  Parts [Region 1: Tank.inlet] 

  | |  Smooth Values false 

  | |  Units kg/s 

  | +-4 p1 Scalar Field Function Pressure 

  | |  Representation Volume Mesh 

  | |  Parts [P1] 

  | |  Smooth Values false 

  | |  Units Pa 

  | +-5 p4 Scalar Field Function Pressure 

  | |  Representation Volume Mesh 

  | |  Parts [P4] 

  | |  Smooth Values false 

  | |  Units Pa 

  | +-6 p6 Scalar Field Function Pressure 

  | |  Representation Volume Mesh 

  | |  Parts [P6] 

  | |  Smooth Values false 

  | |  Units Pa 

  | +-7 p1101 Scalar Field Function Pressure 

  | |  Representation Volume Mesh 



XLIII 
 

  | |  Parts [P1101] 

  | |  Smooth Values false 

  | |  Units Pa 

  | +-8 T3 Scalar Field Function Temperature 

  | |  Representation Volume Mesh 

  | |  Parts [T3] 

  | |  Smooth Values false 

  | |  Units C 

  | +-9 T4 Scalar Field Function Temperature 

  | |  Representation Volume Mesh 

  | |  Parts [T4] 

  | |  Smooth Values false 

  | |  Units C 

  | +-10 T1 Scalar Field Function Temperature 

  | |  Representation Volume Mesh 

  | |  Parts [T1] 

  | |  Smooth Values false 

  | |  Units C 

  | +-11 T7 Scalar Field Function Temperature 

  | |  Representation Volume Mesh 

  | |  Parts [T7] 

  | |  Smooth Values false 

  | |  Units C 

  | +-12 T8 Scalar Field Function Temperature 

  | |  Representation Volume Mesh 

  | |  Parts [T8] 

  | |  Smooth Values false 

  | |  Units C 
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  | `-13 T1105 Scalar Field Function Temperature 

  |    Representation Volume Mesh 

  |    Parts [T1105] 

  |    Smooth Values false 

  |    Units C 

  +-16 Monitors Monitors 23 

  | |  Monitors To Print [Continuity, X-momentum, Y-

momentum, Z-momentum, Tke, Tdr, 

Water, p1 Monitor, Energy, p1101 

Monitor, p6 Monitor, p4 Monitor, T3 

Monitor, T4 Monitor, T1 Monitor, T7 

Monitor, T8 Monitor, T1105 Monitor, 

Mass Flow inlet Monitor, Mass Flow 

Pipe Monitor, inlettemp Monitor] 

  | |  Output Direction Horizontal 

  | |  Heading Print Frequency 10 

  | +-1 Iteration Trigger Iteration 

  | |  Frequency 1 

  | |  Normalization Option Off 

  | |  Maximum Plot Samples 5000 

  | +-2 inlettemp Monitor Report inlettemp 

  | |  Trigger Iteration 

  | |  Maximum Plot Samples 5000 

  | |  Normalization Option Off 

  | |  Frequency 1 

  | +-3 Mass Flow Pipe 

Monitor 

Report Mass Flow Pipe 

  | |  Trigger Time Step 

  | |  Maximum Plot Samples 5000 

  | |  Normalization Option Off 

  | |  Frequency 1 

  | +-4 Mass Flow inlet Report Mass Flow inlet 
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Monitor 

  | |  Trigger Time Step 

  | |  Maximum Plot Samples 5000 

  | |  Normalization Option Off 

  | |  Frequency 1 

  | +-5 Physical Time Trigger Time Step 

  | |  Frequency 1 

  | |  Normalization Option Off 

  | |  Maximum Plot Samples 5000 

  | +-6 p1 Monitor Report p1 

  | |  Trigger Iteration 

  | |  Maximum Plot Samples 5000 

  | |  Normalization Option Off 

  | |  Frequency 1 

  | +-7 p4 Monitor Report p4 

  | |  Trigger Iteration 

  | |  Maximum Plot Samples 5000 

  | |  Normalization Option Off 

  | |  Frequency 1 

  | +-8 p6 Monitor Report p6 

  | |  Trigger Iteration 

  | |  Maximum Plot Samples 5000 

  | |  Normalization Option Off 

  | |  Frequency 1 

  | +-9 p1101 Monitor Report p1101 

  | |  Trigger Iteration 

  | |  Maximum Plot Samples 5000 

  | |  Normalization Option Off 
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  | |  Frequency 1 

  | +-10 T3 Monitor Report T3 

  | |  Trigger Time Step 

  | |  Maximum Plot Samples 5000 

  | |  Normalization Option Off 

  | |  Frequency 1 

  | +-11 T4 Monitor Report T4 

  | |  Trigger Time Step 

  | |  Maximum Plot Samples 5000 

  | |  Normalization Option Off 

  | |  Frequency 1 

  | +-12 T1 Monitor Report T1 

  | |  Trigger Time Step 

  | |  Maximum Plot Samples 5000 

  | |  Normalization Option Off 

  | |  Frequency 1 

  | +-13 T7 Monitor Report T7 

  | |  Trigger Time Step 

  | |  Maximum Plot Samples 5000 

  | |  Normalization Option Off 

  | |  Frequency 1 

  | +-14 T8 Monitor Report T8 

  | |  Trigger Time Step 

  | |  Maximum Plot Samples 5000 

  | |  Normalization Option Off 

  | |  Frequency 1 

  | +-15 T1105 Monitor Report T1105 

  | |  Trigger Time Step 
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  | |  Maximum Plot Samples 5000 

  | |  Normalization Option Off 

  | |  Frequency 1 

  +-17 Representations     

  | +-1 Geometry     

  | +-2 Initial Surface Faces 6376 

  | | |  Edges 378 

  | | `-1 Regions     

  | |   `-1 Region 1 Faces 6376 

  | |     |  Edges 378 

  | |     +-1 Boundaries     

  | |     | +-1 Tank.inlet Faces 44 

  | |     | +-

2 Tank.inletpipe 

Faces 0 

  | |     | +-3 Tank.pipe Faces 276 

  | |     | +-4 Tank.plate Faces 96 

  | |     | +-5 Tank.plate2 Faces 96 

  | |     | `-6 Tank.wall Faces 5864 

  | |     `-2 Feature Curves     

  | |       `-1 Default 

Feature Curve 

Edges 378 

  | +-3 Remeshed Surface Faces 109134 

  | | |  Edges 674 

  | | `-1 Regions     

  | |   `-1 Region 1 Faces 109134 

  | |     |  Edges 674 

  | |     +-1 Boundaries     

  | |     | +-1 Tank.inlet Faces 176 

  | |     | +- Faces 0 
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2 Tank.inletpipe 

  | |     | +-3 Tank.pipe Faces 23644 

  | |     | +-4 Tank.plate Faces 4910 

  | |     | +-5 Tank.plate2 Faces 4740 

  | |     | `-6 Tank.wall Faces 75664 

  | |     `-2 Feature Curves     

  | |       `-1 Default 

Feature Curve 

Edges 674 

  | +-4 Volume Mesh Cells 508493 

  | | |  Interior Faces 1509369 

  | | |  Vertices 538018 

  | | +-1 Finite Volume 

Regions 

    

  | | | `-1 Region 1 Cells 508493 

  | | |   |  Interior Faces 1509369 

  | | |   |  Vertices 538018 

  | | |   `-1 Finite Volume 

Boundaries 

    

  | | |     +-1 Tank.inlet Faces 224 

  | | |     +-

2 Tank.inletpipe 

Faces 0 

  | | |     +-3 Tank.pipe Faces 7232 

  | | |     +-4 Tank.plate Faces 2043 

  | | |     +-5 Tank.plate2 Faces 2019 

  | | |     `-6 Tank.wall Faces 35008 

  | | `-2 Cell Sets     

  | `-

5 Tank_H_Solution_History 

Solution View Tank_H_Solution_History 

  |   |  Cells 508493 

  |   |  Interior Faces 1509369 
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  |   |  Vertices 538018 

  |   +-1 Finite Volume 

Regions 

    

  |   | `-1 Region 1 Cells 508493 

  |   |   |  Interior Faces 1509369 

  |   |   |  Vertices 538018 

  |   |   `-1 Finite Volume 

Boundaries 

    

  |   |     +-1 Tank.inlet Faces 224 

  |   |     +-

2 Tank.inletpipe 

Faces 0 

  |   |     +-3 Tank.pipe Faces 7232 

  |   |     +-4 Tank.plate Faces 2043 

  |   |     +-5 Tank.plate2 Faces 2019 

  |   |     `-6 Tank.wall Faces 35008 

  |   `-2 Cell Sets     

  +-18 Units Preferred System Systeme Internationale 

  +-19 Tables Tables 2 

  | +-1 airflow Path airflow.csv 

  | |  Extracted [time, mass-flow] 

  | `-2 massflowTable_sorted Path massflowTable_sorted.csv 

  |    Extracted [time, mass-flow] 

  +-20 Coordinate Systems     

  | `-1 Laboratory     

  |   `-1 Local Coordinate 

Systems 

    

  +-21 Field Functions     

  | +-1 initTemp Type Scalar 

  | |  Function Name initTemp 

  | |  Definition ($$Centroid[2] <= 1.473) ? 297.15 : 
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296.15 

  | |  Ignore Boundary Values false 

  | |  Assembly code (if (<= $${Centroid}[2] 1.473) 297.15 

296.15) 

  | |  Inverse Distance Weight false 

  | +-2 inletairtemp Type Scalar 

  | |  Function Name intletairtemp 

  | |  Definition ($Time < 10) ? -0.7*$Time+294.15 : 

287.15 

  | |  Ignore Boundary Values false 

  | |  Assembly code (if (< ${Time} 10) (+ (* -0.7 ${Time}) 

294.15) 287.15) 

  | |  Inverse Distance Weight false 

  | +-3 myTimestep Type Scalar 

  | |  Function Name myTimestep 

  | |  Definition ($Time > 1.4) ? 5e-4 : 1e-3 

  | |  Ignore Boundary Values false 

  | |  Assembly code (if (> ${Time} 1.4) 0.0005 0.001) 

  | |  Inverse Distance Weight false 

  +-22 Volume Shapes     

  | `-1 Cylinder 1 Coordinate System Laboratory 

  |    Radius 0.6 m 

  |    Start Coordinate [-212.0, 212.0, -150.0] mm,mm,mm 

  |    End Coordinate [-212.0, 212.0, 1600.0] mm,mm,mm 

  +-23 Data Set Functions Data Directory function_data 

  +-24 User Code     

  +-25 Layouts     

  | `-1 default     

  +-26 Data Mappers     
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  +-27 Motions     

  | `-1 Stationary     

  +-28 Reference Frames     

  | `-1 Lab Reference Frame   

Solution 

Accumulated CPU Time over all processes (s) 3.80796706899916E7 

Elapsed Time (s) 436354.30474996567 

Time Level 52599 

Solution Time 26.99999999998248 

 


