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ABSTRACT 

 
Integral layout of nuclear reactor IRIS makes possible the elimination of the spray system, which is usually used 

to mitigate in-surge transient and also help to Boron homogenization. The study of transients with deficiencies 

in the Boron homogenization in this technology is very important, because they can cause disturbances in the 

reactor power and insert a strong reactivity in the core. The detailed knowledge of the behavior of multiphase 

multicomponent flows is challenging due to the complex phenomena and interactions at the interface. In this 

context, the CFD modeling is employed in the design of equipment in the nuclear industry as it allows 

predicting accidents or predicting their performance in dissimilar applications. The aim of the present research 

is to model the IRIS pressurizer’s dynamic using the commercial CFD code CFX. A symmetric tridimensional 

model equivalent to 1/8 of the total geometry was adopted to reduce mesh size and minimize processing time. 

The model considers the coexistence of four phases and also takes into account the heat losses. The 

relationships for interfacial mass, energy, and momentum transport are programmed and incorporated into CFX. 

Moreover, two subdomains and several additional variables are defined to monitoring the boron dilution 

sequences and condensation-evaporation rates in different control volumes. For transient states a non - 

equilibrium stratification in the pressurizer is considered. This paper discusses the model developed and the 

behavior of the system for representative transients sequences. The results of analyzed transients of IRIS can be 

applied to the design of pressurizer internal structures and components. 

 

1. INTRODUCTION 

 

International Reactor Innovative and Secure (IRIS) is an Integrated Primary System Reactor 

with innovative features that can meet most of the requirements considered in the Generation 

IV Roadmap Study. One of the most important features in the IRIS concept is its “Safety by 

Design” approach, which takes maximum advantage of the integral coolant system to 

eliminate the possibility of some accidents, diminishing the consequences and/or decreasing 

their probability of occurring. One of the challenges was the development of its internal 

pressurizer; it is integrated into the reactor vessel [1].  

 

Another task that focuses the attention of the research related to the safety of nuclear reactors 

are homogenization processes of Boron in the primary circuit and the parameters that 

influence this process [2], [4] and [6]. Research has shown that mixing fluids with different 

concentrations strongly depends on the geometry. The analytical models developed up to now 

determine the time dependence of average concentration of Boron, but they are not sensitive 
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to predict the space dependence of Boron concentration in the pressurizer. If the boric acid 

concentration in one region of reactor core is reduced abruptly, a power excursion with 

possible fuel damage might occur.   

 

This paper describes a multiscale and multicomponent approach for the simulation of 

multiphase thermal-hydraulics flows in complex component-scale configurations. In this 

approach the flow system could involve more fluids, convective and conductive heat transfer 

in wall, and phase-change heat transfer. The aim of the present research is to model the IRIS 

pressurizer’s dynamic and the investigation of  Boron dilution transients using the 

commercial CFD code CFX.  

2. NUMERICAL SIMULATION 

 

Numerical simulations provide a helpful tool to reduce the usually large experimental 

expenses for nuclear reactor design. The numerical analysis was performed using the 

commercial CFD code CFX 14 [7] that applies the finite volume method to solve the 

equations for mass, momentum and energy.  

 

2.1. Model Description 
 

Currently, the most conventional approach for modeling CFD biphasic fluids with significant 

volume fractions of the two phases is the Eulerian description of continuous interpenetration. 

This model solves ‘n’ number of phase equations separately, assuming one of the phases as 

primary carrier of the others. For bubbly flows the energy equation is solved for liquid only, 

while vapor is considered saturated throughout the volume. In the presence of fluids, that are 

simultaneously multiphase and multicomponent, the code only provides the main framework 

for the calculation of the basic equations. The user must program the relationships, and they 

can be incorporated into the code using expressions in the CFX Expression Language. 

Definition of subdomains allows the incorporation of sources and sinks in the continuity and 

energy equations. 

 

2.1.1. Turbulence Modeling 

 

Due to the lower density of vapor, it is commonly assumed that, in nucleate boiling flow, the 

motion of the dispersed vapor phase follows the fluctuations in the continuous liquid phase. 

Accordingly, the turbulent stresses are modelled only for the liquid phase. The liquid phase 

turbulence is calculated by the two-equation k–ε model, which belongs to the category of 

eddy viscosity turbulence models. In bubbly two-phase flows, occurs an additional 

production of turbulence in liquid, generated by fluctuating wakes behind the large bubbles. 

The so-called bubble induced turbulence is taken into account by additional viscosity term, 

which is added to the molecular viscosity of the liquid phase    in the same way as the shear-

induced turbulence viscosity term   
    : 

 

  
   

      
       

                                                    (1) 

 

where   
  represents the bubble-induced turbulence viscosity, which depends on the vapour 

phase volume fraction α, the local bubble diameter db and the relative velocity between the 

gaseous and liquid phase: 

  
                                                                      (2) 
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Parameter     commonly takes the value 0.6, as recommended by [8]. Besides the turbulence 

intensity, the bubble diameter db also determines the interfacial momentum transfer (drag 

force, non-drag forces), interfacial heat and mass transfer (condensation).      and       are the 

velocities vectors to gas and liquid respectively. 

 

2.1.2. Interfacial transfer 

 

The interfacial transfer of momentum is modelled with the interfacial forces, which include 

drag force    , lift force    , turbulent dispersion force      and wall lubrication force    . The 

interfacial drag force is calculated as: 

 

    
   

   
                                                                     (3) 

 

where CD is the drag coefficient for bubble, which is flow-regime dependent and can be 

obtained experimentally. In the present study the Ishii and Zuber correlation [9] for the drag 

coefficient have been used. To predict a non-homogeneous radial void fraction distribution, 

the non-drag forces, which act perpendicularly to the flow direction, also need to be 

simulated. The lift force on the liquid phase can be calculated as: 

 

                                                                        (4) 

 

where CL is the lift force coefficient given by [10]. Lift force is shear-induced and pushes 

small bubbles towards the lower velocity region. The effect of dispersion of the vapor 

bubbles due to the turbulent eddies in the liquid phase is taken into account by the turbulent 

dispersion force. In ANSYS CFX 14 the turbulent dispersion force is based on the Favre 

averaging of the interfacial drag force [11]: 

 

      
     

       
           

  

   
                                      (5) 

 

where μl is total dynamic viscosity of liquid and      is the turbulent Schmidt number for the 

liquid phase with the value 0.9. The contribution of the wall lubrication force in the 

subcooled boiling flow is probably the most difficult to evaluate, as it acts only on those near-

wall bubbles which have already lift-off the wall. In the case, when there is some liquid flow 

between the bubble and the wall, the wall lubrication force acts in lateral direction away from 

the wall and prevents the accumulation of bubbles on the wall. The model of [12] has been 

used for wall lubrication force: 

 

     
                

 

  
             

  

  
                           (6) 

 

where C1 and C2 are −0.05 and 0.01, respectively. The wall lubrication force approaches 

infinity as the wall distance approaches zero ensuring zero void fraction on the wall. 
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2.1.3. Wall Boiling Model 

 

A fundamental feature of the mechanistic model of wall nucleation is the algorithm for 

deciding how the wall heat flux is partitioned, amongst the several physical processes of 

evaporation and sensible heating of the liquid phase. In regions of the wall not influenced by 

nucleation sites, it is sufficient to consider the wall heat flux as contributing solely to single-

phase liquid convective heat transfer. However, near of the nucleation sites, a part of the 

generated heat contributes to vapor production, and the remainder contributes to super 

heating of the liquid phase as it displaces the rising bubbles. This latter process is known as 

quenching [13].  

 

2.1.4. Interphase Heat Transfer Model 

There are special situations where the use of an overall heat transfer coefficient is not 

sufficient to model the interphase heat transfer process. A more general class of models 

considers separate heat transfer processes either side of the phase interface. This is achieved 

by using two heat transfer coefficients defined on each side of the phase interface. Hughmark 

correlation was used for the continuous phase [12]: 

           
      

                                                          (7)                       

For the dispersed phase, zero resistance condition was specified. Its effect is to force the 

interfacial temperature to be the same as the phase temperature and it was considered that the 

vapor maintained the saturation condition. 

2.2. Geometry and Mesh Generation 

 

Fig.1 shows the regions in which the pressurizer has been divided. Region 1 is located 

between the lower part of the pressurizer and the plane of expansion of the liquid part. It 

contains the surge orifices through which mass transfer (sub-cooled water) between the 

primary circuit and the pressurizer occurs. Region 2 (located above the region 1) contains 

saturated liquid and has circulation holes in its base. Region 3 (located at the top of the 

pressurizer) contains vapor and condensate film on the walls. 

 

The geometry of interest was created in three dimensions using DesignModeler tool within 

the ANSYS 14 code from IRIS pressurizer design [7]. Only 1/8 of the pressurizer was used to 

manage the symmetry of the domain and reduce processing time. Table 1 shows the major 

parameters in the simulated operating conditions. It is considered that the reactor operating 

parameters (pressure and temperature) correspond to normal operating conditions at 

respective power level. The values of initial concentration, inlet concentration and volume of 

liquid are assumed in order to compare the results with other studies [14]. The electrical 

heaters are the heat source for the entire pressurizer and were assumed as a single annular 

surface (actually there are 3 groups). In the developed models, the electric heater was located 

in the center of the region 1, above the surge orifices. 
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Figure 1. Representation of the study regions in the pressurizer. 

 

 

Table 1. Simulations major parameters. 

 

 

Cases 

 

Operational status 

 

Initial Boron 

concentration 

(ppm) 

Inlet Boron 

concentration 

(ppm) 

Fluid 

volume  

( m
3
) 

A Full Power [100 (%)] 0 100 32.4 

B Low Power [20 (%)] 0 400 32.33 

C Zero Power [0 (%)] 0 1000 13.59 

D In/Out Surges transients 100 100 32.4 

 

Cases A, B and C are focused on the study of Boron homogenization, so that the area of 

interest is only liquid (regions 1 and 2 in the Fig. 1) since the amount of Boron present in the 

vapor region can be neglected. This model considers the coexistence of two phases: liquid 

and vapor bubbles in liquid volume. Meanwhile, case D is focused on verifying the dynamic 

response of pressurizer to variations in the average temperature of the coolant and the main 

physical phenomena that occur throughout the volume of pressurizer. In this latter case it is 

included in the geometric model to the region 3 of Fig. 1 (containing steam and liquid 

droplets). Additionally, both models take into account the heat losses between the pressurizer 

and primary circuit. 

In the environment of AnsysMeshing was imported the previously built geometry and was 

generated the mesh which discretize domain in finite volume. It wasn’t possible to create a 

mesh with the default options given by the software. It was necessary to improve the quality 

and the relevance of the mesh by reducing the element size. Another refinement was 

necessary at the regions with curvature, like the regions near the electric heater and the surge 

orifices. Inflation layer is good to resolve the near-wall physics giving support to achieve 

better results. After those improvements, a non structured meshes was created to be used in 

the numerical simulation. A picture of the mesh generated is shown in Fig. 2. 

 

In order to avoid turbulence behaviors as swirl, an increment of 100 mm was included in the 

inlet dimension of the pressurizer. The mesh presented in Fig. 2 is the last loop of this 

interaction. Intermediate meshes are not presented, since results showed to be independent of 
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the mesh. A solution verification study was performed according to ASME Verification and 

Validation standard [15] to evaluate mesh uncertainty.  

 

Figure 2. The mesh of pressurizer models: Left-(Case A); Right-(Case D). 

 

2.3. Pre-Processing  

After the step of mesh generation, the pre-processing interface is responsible for the 

definition of the all models that will be used in addressing the issue in question. In this 

environment were specified all parameters of each domain as fluid type, temperature, 

pressure, turbulence model, boundaries and initial conditions, etc. 

 

2.3.1. Materials definition 

 

Four fluids were defined: Liquid (represents the volume of saturated or sub-cooled water 

present in the pressurizer), Superior Steam (represents the volume of vapor which occupies 

the upper region (region 3)), bubbles (simulates the bubbles formed by the action of the 

heaters and are dispersed in the liquid) and droplets (simulates the liquid droplets in the 

region 3). 

 

In particular, for the study of Boron dilution (cases A, B, C in Table 1) were considered: 

 

Fluid 1: Liquid (liquid continuous phase) and Fluid 2: Bubbles (gas dispersed phase). 

 

In the case D were defined four fluids: two continuous fluids (Liquid and Superior Steam) 

and two dispersed fluids (Bubbles and droplets). 

 

Thermodynamic properties of used fluids were defined from IAPWS-IF97 library. In 

particular, the materials Steam 5l and Steam 5v comprise the range of properties of interest 

(temperature: 450-900 K, pressure: 1-30 MPa). This is perfectly suited to the actual 

conditions in the IRIS pressurizer, hence its use in this work. 
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2.3.2. Boundaries and Initial Conditions   

 

After define the materials, the boundary and initial conditions for the problem were modeled. 

It was assumed as initial condition that the fluid was at rest, and that there were no vapor 

bubbles. For vertical planar walls the symmetry condition was chosen. In the rest of the walls, 

the heat losses given by Barroso [1] are considered. The equation for the time behavior of the 

pressurizer heaters is taking from Botelho et al. [16]. Table 2 shows the boundary conditions 

used in the simulations. 

 

Table 2. Setup parameters for the simulations. 

 

Parameter Values 

Water temperature input/internal (K) 601.55/617.94 

Operating pressure (MPa) 15.5 

Circulation flow (m
3
/s) 5.04e-04 

Inlet speed (m/s) 8.02e-03 

Total thermal power (kW) 1160 

 
2.3.3. Subdomains and additional variables   

 

A novel aspect of this work is the definition of two subdomains that consider the process of 

condensation and evaporation in the whole volume of the pressurizer. The relationships for 

heat and mass transfer in these processes are programmed into the code using expressions in 

the CFX Expression Language (CEL format) with the addition of sources and sinks in the 

equations of continuity and energy.  

Moreover, several additional variables are defined for improving the convergence and allow 

monitoring of Boron dilution sequences and condensation-evaporation rate in different 

control volumes. For monitoring the rate of Boron dilution, it was necessary to define a new 

variable, the solver allows creating a new variable, and assigning it a pre-existing 

mathematical model of the code. The transport equation model is recommended for analysis 

of variables type mass per volume or concentrations, so it was used in this work. A variable 

called "ConcB ( )" was defined to measure the concentration of boric acid within the 

domain. The transport equation model associated with it is represented by the equation: 

 
     

  
             

  

   
                                            (8) 

 

where   is the mixture density,  U is the fluid velocity,  =     is the conserved quantity per 

unit mass,    is the kinematic difusivity coefficient,    is the turbulence viscosity     is the 

turbulence Schmidt number and    represents a volumetric source term. Thus, in addition to 

solving the Navier-Stokes equations at each iteration, the CFX code also find a solution to the 

defined variable. For the program to solve that variable is necessary to provide the diffusivity 

coefficient of boric acid in water. This value was found in [17], where DФ = 10.1e-6 cm
2 

s
-1

. 
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2.3.4. Numerical Approach    

 

All simulations were performed for transient conditions with a total time of 50 h.  A high-

resolution numeric scheme (second order) for the discretization of the conservation and k-ε 

equations was used. During the simulation process, a time step of 10 seconds was used. In the 

control of the convergence was set a maximum of five loop and a minimum of two for each 

iteration. A residual RMS target value of 10
-5

 was defined as the convergence criteria for the 

simulations. 

3. RESULTS AND DISCUSSIONS 

 

In this section was analyzed and discussed the results for boron dilution transients and for the 

dynamic response of the pressurizer at variations in the average temperature of the coolant. 

3.1. Boron dilution transients 

 

In this subsection, the results of each simulation carried out aiming to study the 

homogenization process of Boron (cases A, B and C) are discussed. 

 
3.1.1. Comparison with other models 

 

Experiments in the test facility of the Federal University of  Pernambuco, Brazil (UFPE) [14] 

and the results obtained with a theoretical model that describes the behavior of boric acid 

inside the same facility are used to verify the ability of the model developed to simulate 

boron transient dilution sequences. The timescale used in the UFPE test facility and in our  

model are different, so it is employed the timescale obtained by Silva [18] (St = 0.196) for the 

comparison between the results. Measurements at the testing facility did not report the 

concentration in ppm, so that the experimental results were normalized to the concentration 

(given in ppm), and then adjusted to an analytic function. The aforementioned facilitates the 

comparison of the experimental data and our simulation in an equivalent timescale. 

 

In the Fig.3, the results of the time dependence of the average concentration of Boron of 

several cases are depicted; here, the results of our computational model are identified as 

"ConcB CFX", the experimental measurements as "Experimento" and the results of the 

analytical model as "Modelo Analitico". The comparisons are made for three operational 

states (A, B and C, see Table 1) and are identified in the figure as 100 ppm, 400 ppm and 

1000 ppm. 

 

The same asymptotic exponential behavior for all curves and a good agreement between the 

experiments and the results of our model is observed. However, there are quantitative 

differences between the experimental values, and the analytical model results. This happens 

because the analytic solution does not take into account the geometry of the problem.  

However, saturation is reached at 6, 5 and 3 hours in the cases of 100, 400 and 1000 ppm 

respectively, for the CFX simulation, the experimental data and the results of the analytical 

model. 
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Figure 3. Time dependence of the average concentration of Boron for different studies. 

 

3.1.2. Homogenization time of boron 

 

In previous studies, it was considered that the mixture reached the homogeneous state when 

saturation was reached (the temporal distribution of the average concentration reaches the 

stationary state). However, in this work it was determined that a heterogeneous distribution 

can occur due to the influence of some variables on the spatial distribution of the boron 

concentration. 

 

In this paper, the Boron homogenization time is assumed as the moment where there are no 

significant differences in the concentrations of Boron in time and space.  

 

In Fig. 4, the contours of the distribution of the Boron concentration in the pressurizer are 

shown at different times. In this figure it was illustrated only the Case A; however, the 

behavior is similar for the other cases.  

  

 
3.1.3. Variables influencing boron homogenization 

 

The Reynolds number and geometrical conditions of the installation have a major influence 

on the homogenization of Boron [2]–[5]. Furthermore, it is known that certain phenomena 

like condensation/evaporation taking place in different parts of the primary circuit can lead to 

internal events of heterogeneous Boron dilution [3]. Therefore, the evaluation of the influence 

of the vapor volume fraction, velocity and the volume rates of condensation/evaporation 

plays an important role in the optimization of the IRIS pressurizer design. 
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Figure 4. Representation of different contours of the Boron concentration in the 

pressurizer in different simulation times: (a) 3.5 h, (b) 35 h, (c) 40 h and (d) 50 h. 

 

 

To illustrate, in Fig. 5 a) the spatial distribution of the vapor volume fraction at 5 hours is 

shown, the stream of bubbles and the accumulation of these on the top of the pressurizer is 

observed. In Fig. 5 b) the spatial distribution of the Boron concentration in the pressurizer is 

observed. Comparing both figures, it is possible to observe (according to the respective 

legends) that the areas surrounding the column of steam and the upper zone have a greater 

concentration of  Boron. From the foregoing, it can be concluded that the spatial distribution 

of the steam volume fraction affects the Boron homogenization. 

 

Fig. 6 a) shows the spatial distribution of the fluid velocity inside the pressurizer. It can be 

seen the tendency of the fluid to move towards to the lower cylindrical wall, to skirt the 

heater, and then form a recirculation loop in the central part of pressurizer and other loop well 

defined in the upper cylinder. This behavior corresponds to the spatial distribution of the 

Boron concentration shown in Fig. 6 b). Comparing both figures is possible to observe 

(according to the respective legends) that in areas of higher velocity there is also a higher 

concentration of Boron, which corroborates the influence of Reynolds number in the 

homogenization process. The identification of the recirculation zones is very important 

because it allows to know in which places the homogenization takes longer and to search 

strategies to eliminate or at least reduce the existence of these areas. 
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a)       b) 

Figure 5. Spatial distribution of vapor volume fraction (a) and the concentration of 

Boron (b), time = 5 h. 

 

 

a)       b) 

Figure 6. Spatial distribution of liquid velocity (a) and the concentration of  

Boron (b), t = 5 h. 

 

Given that the IRIS project is still under development, case studies can be done by modifying 

parameters to optimize the boron homogenization process. Five case studies were performed. 

For this analysis the Case A was used as reference. The following modifications were made 

taking into account the dependence of homogenization with the Reynolds number: 

 

a) Displacement of the inlet 100 mm toward the center of pressurizer. 

b) Double increase of the inlet diameter.  

c) Doubled increase of the input velocity.  

d) Doubled increase of the inlet diameter and the velocity. 
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Figure 7. Temporal distribution of the average concentration of  

Boron  for  the design variants. 

The results confirm that the modifications that cause the best influence in the Boron 

homogenization are in order: increase of the diameter together with the increase of the speed, 

the increase of the inlet diameter, the increase of the input velocity, and the displacement of 

the inlet towards the center of pressurizer. To increase the inlet diameter would be a viable 

alternative from the technological point of view. It is also recommended the investigation of 

the feasibility of increasing the input speed because it may have an impact on the operation of 

the plant. 

3.2. Transients with variations in the average temperature of the coolant 

The increase in the average temperature of the coolant in the reactor causes an additional 

entry of coolant into the pressurizer (insurge), which in turn causes a rise in water level 

within it. The insurge transients generate stratification in the pressurizer, causing the liquid 

phase remains entirely sub-cooled, while the gas phase, superheated.  

The contraction of the primary circuit coolant due to a decrease in its average temperature 

promotes a saturated water outlet from pressurizer (outsurge), causing a pressure drop, which 

is mitigated by the joint action of the instantaneous vaporization (flashing) and electric 

heaters.  

 

The developed model was used to simulate a typical out-surge transient in the IRIS 

pressurizer. The driving parameter in this transient is the mass flow rate through the surge 

orifices, calculated in a primary circuit simulation [16]. The time dependence of mass flow 

rate is shown in Fig. 7. The dynamic response of pressurizer to surge mass flow rate is shown 

in the Fig. 8. In  Fig. 9, it is observed the temporal behavior of absolute pressure. 
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Figure 8. Temporal distribution of the surge mass flow rate in IRIS pressurizer. 
 

 
 

Figure 9. Temporal distribution of absolute pressure in IRIS pressurizer. 

Comparing both figures, it is possible to observe agreement regarding the behavior of mass 

flow rate and pressure response. In the initial stage (t < 125 s), the mass flow strongly 

fluctuates and can be verified in this same time that the pressure varies in the same way. After 

that (125 s < t < 250 s) the mass flow decreases and so does the pressure. Then, the mass flow 

grows but remains negative while the pressure drops to its lowest values.  After 500 s, the 

pressure begins to recover. At this moment the combined action of electric heaters and 

instantaneous evaporation is greater than the pressure drop caused by coolant outlet of the 

pressurizer. The pressure continues to recover until about 1500 s when it achieves their 

nominal values. 
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4. CONCLUSIONS 

 

The CFD modeling shows the potential of this technique to be employed under conditions of 

multicomponent and multiphase flows. This technique is applicable to the studies of boric 

acid homogenization inside the IRIS pressurizer. 

 

The comparison made using the experimental data of the UFPE test facility shows a good 

agreement. In this research, it was obtained the time dependence and spatial of the 

distribution of the concentration of  boric acid in the pressurizer of the reactor IRIS for 

several operating conditions. It also shows the dependence of the homogenization time 

according to the Reynolds number, the turbulent conditions, the phenomena of 

condensation/evaporation and the heat transfer in the pressurizer. Case studies were 

performed seeking to optimize the process, using different design alternatives. The results 

confirm that the analyzed parameters can be modified in order to obtain better operating 

conditions.  

 

The results obtained for out-surge pressure transients, show the excellent ability of IRIS 

pressurizer design to compensate the pressure variations in the reactor. Future comparisons 

with actual data are recommended for the quantitative validation of the CFX model. The 

results of the analyzed transients of IRIS can be applied to the design of pressurizer internal 

structures and components. 
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