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ABSTRACT 

Pressure suppression pool constitutes an important feature of BWRs characterized by a compact 

containment structure. It provides a water source for emergency core cooling system and allows 

for high heat removal rates by condensing large amounts of steam during accidental or transient 

situations, thereby preventing containment overpressurization. Depending on the pool 

temperature and steam injection conditions, different condensation regimes may occur and some 

of them may favor the development of thermal stratification. This phenomenon diminishes 

pressure suppression capabilities and causes the increase of containment pressure. The complex 

physics of condensation and the need to consider long steam blowdown transients in a large 

geometry makes current computational techniques unsuitable for its analysis. 

The following study builds upon the efforts made at KTH to develop efficient models, namely 

Effective Heat Source (EHS) and Effective Momentum Source (EMS) models, for transient 

thermal mixing and stratification. These models aim to model the impact of steam injection on 

the thermal behavior in the pool where small-scale local phenomena due to direct contact 

condensation are not considered.  

The study’s objective was to develop such models for steam injection through spargers. 

Furthermore, analytical support for experimental activities at LUT was provided. For this reason, 

scaling methodology was proposed and pre-test calculations were performed. Finally, a 

preliminary validation of the EHS/EMS models implemented with GOTHIC code was performed 

against experimental data obtained in one of the experiments. It was found that numerical 

analysis is particularly sensitive to the effective momentum provided as a result of condensation. 

Given a properly estimated effective momentum, the numerical simulations with EHS/EMS 

models was able to reproduce the global pool behavior very well and with high computational 

efficiency. 
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NOMENCLATURE 

  ,   ,    *Mass flow rate, kg/(s) 

  ,   ,    *Enthalpy, J/kg 

  ,    *Velocity, m/s 

  ,    *Pressure, Pa 

   Static Pressure in the tank, kPa 

  ,    *Jet area,    

   Spatial scale 

   Water level, m 

  Vessel diameter, m 

ω Time scale, 1/s 

   Total liquid mass, kg 

   Liquid enthalpy, J/kg 

   Liquid velocity in the pool, m/s 

    Mass of water condensed inside the sparger, kg 

Q Heat flux through sparger walls, W/m
2
 

    Latent heat, J/kg 

   Temperature at the sparger wall, K 

   Diameter of the sparger, m 

S Sparger submergence depth, m 

  Thermal conductivity, W/(mK) 

   Richardson number,    
          

     
  

 

   Reynolds number,    
     

  
 

  Injection hole diameter, m 

       Density of steam and liquid, kg/m
3
 

  Gravitational acceleration, m/s
2
 

   
 

Dynamic viscosity of steam, Pa.s 

 

*S, E, C subscripts refer to steam, entrainment and condensation, respectively.  
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1 Introduction 

1.1 Motivation 

The containment structure in a nuclear power plant is the final barrier in the defense in depth 

concept against release of radioactive substances into the environment. However, there are 

certain accidental or transient situations such as loss of coolant accident (LOCA) and safety 

relief valve (SRV) actuation that may cause pressure to rise and threaten containment integrity. 

In order to account for overpressure protection, the inside of the containment vessel of boiling 

water reactors (BWRs) characterized by compact containment structure, is divided into two main 

compartments: a dry well and a wet well. The latter consists of a gas space that accumulates the 

non-condensable gases and a pressure suppression pool (PSP).  

 

Figure 1.1: Schematic of a Pressure Suppression Pool (PSP) of a Nordic BWR [1]. 

The PSP is a large reservoir of water that serves as a pressure and heat sink, and it also acts as a 

reactor make-up inventory [2]. The steam released at high pressure and temperature is injected 

either through vent tubes (LOCA accident) or SRV lines (transient situations) arranged 

circumferentially at different locations in an annular pool. In this process, most of the steam 

condenses directly on a subcooled pool. Although such venting allows for efficient heat removal 

rates and quickly depressurizes containment, the condensation process may induce 

hydrodynamic loads on pool structures or give rise to the development of thermal stratification 

[3] which is the focus of the following work. 
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In a thermally stratified pool, cold water is at the bottom whereas hot water is accumulated at the 

top. Thermal stratification phenomenon is of primary importance for the overall PSP 

performance since it can significantly diminish the pressure suppression capacity. Moreover, the 

water surface temperature determines the steam partial pressure in the wet well, and any boost in 

its temperature increases containment failure risk [4]. Thermal stratification also affects the 

available net-positive suction head (NPSH) and therefore the performance of the Emergency 

Core Cooling System (ECCS) and the Reactor Core Isolation Cooling System (RCIC) pumps [5]. 

It is then clear that homogeneous temperature distribution is the preferred state of the 

suppression pool. Thermally stratified layers can be broken by turbulent mixing. Mixing can be 

achieved either through the use of forced circulation (pumps), or when the steam discharged into 

the subcooled pool has sufficient momentum (high-steam mass flux). The characteristic time 

scale for turbulent mixing is an important value as it indicates the time period within which the 

pressure suppression capacity will be restored [6].  

In the current operating LWRs with active safety features, thermal stratification may develop in 

the case of extended station blackout scenario (SBO) when the safety grade systems are not 

available to mix the pool [5]. The Fukushima accident from March 11th, 2011, may be used as a 

real case scenario. The attempts to reproduce plant records in severe accident analysis codes 

have proved difficult. The Tokyo Electric Power Company (TEPCO) used MAAP to simulate 

progression of the Fukushima accident, but poor agreement on the containment pressure at Unit 

3 was achieved. It was assumed that such an unexpected behavior of pressure readings could 

have been due to thermal stratification that had developed in the pool. TEPCO identified that 

thermal stratification might have occurred as a result of the steam released from the RCIC 

turbine exhaust pipe exit which heated up the pool. The high water pool temperature was then 

directed upwards by buoyancy and dispersed horizontally on the pool surface [7]. The Japan 

Nuclear Energy Safety organization (JNES) conducted analysis in MELCOR, taking into account 

thermal stratification, and the results were significantly better [8]. Up to date, however, there is 

yet no clear resolution of this issue. 

The impact of thermal stratification on PSP capabilities and the overall containment 

performance, as well as its importance for safety analysis, justifies the need for current research. 

This thesis has been carried out within the Nordic Nuclear Safety Research (NKS) and Nordic 

Nuclear Reactor Thermal-Hydraulics Network (NORTHNET) research projects. The following 

study deals with thermal stratification and mixing induced by steam blowdown through spargers. 

Spargers are, simply put, multi-hole discharging devices, introduced to increase steam quenching 

efficiency, located at the end of SRV lines. The primary motivation behind the following work is 

identifying criteria and improving analysis capabilities for thermal stratification and overall 

mixing induced by steam condensation in the water. However, the experimental data on steam jet 

induced pool mixing has been very limited. For this purpose, the experimental analysis has been 

carried out in PPOOLEX test facility. Since thermal stratification tends to form in a PSP of 

BWRs, the phenomenon is being studied under broad range of blowdown conditions relevant to 
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Nordic BWR design. These experimental studies enhance knowledge on condensation 

characteristics and provide a set of benchmarking data for the development of modeling 

approaches and validation purposes of the relevant problems. 

 

 

Figure 1.2: Pressure Containment Vessel (PCV) pressure changes at Unit 3, Fukushima accident [7]. 

 

 

Figure 1.3: Thermal Stratification of PSP during RCIC operation [9]. 
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1.2 Previous work 

A large number of studies on various aspects of steam jet condensation in subcooled water have 

been performed in the past. The published work, however, focused mainly on the local behavior 

of condensing jets and investigated the following aspects: steam jet penetration length and 

condensation shape, average heat transfer coefficient, various condensation patterns ( [10] [11]). 

The experimental programs on macroscopic behavior of thermal mixing were rather rare. 

Thermal mixing induced by steam discharge into large water pool have attracted attentions in 

recent years since it is an important phenomenon for the licensing process of new reactor 

designs, such as a simplified boiling water reactor (SBWR) with passive safety features or an 

advanced power reactor (APR1400) with In-containment Refueling Water Storage Tank 

(IRWST).  

A pioneering work to predict thermal stratification and mixing has been reported by Gamble et 

al. (2001) [4]. The authors studied various phases and phenomena occurring during blowdown 

period of LOCA in the SBWR. They identified important phenomena that affected thermal 

response of the suppression pool and developed analytical models to describe jet structures. 

These models were implemented into the TRACG system code and validated against one of the 

PSTF tests ( [12], [13], [14]). In general, overall temperature trends were in good agreement, but 

at certain points significant variations between code predictions and test data were reported. 

Furthermore, sparseness of the experimental data did not allow to properly evaluate the local 

behavior in the pool. 

Extensive research has been done in the PUMA test facility that was designed specifically to 

reproduce phenomena that occur during the later stages of SBWR depressurization [15]. The 

experiments addressed effects of vent opening submergence depth, pool initial pressure, steam 

injection rate, and volume fraction of non-condensable gases on thermal stratification in the pool 

[16]. Furthermore, Norman et al. analyzed the LOCA event in the scaled model of SBWR using 

the thermal-hydraulic TRACE code. The experiments performed in ‘the SP model test facility’ 

were supposed to be a counterpart to the PUMA experiment. Comparison of simulation and 

experimental data revealed significant deficiencies in the code capabilities to predict pool 

thermal stratification [17]. 

Recently, comprehensive studies on various aspects of steam blowdown events have been 

performed in the POOLEX/PPOOLEX test facility at the Lappeenranta University of 

Technology (LUT, Finland). Among others, such BWR containment issues as thermal mixing 

and stratification and direct contact condensation (DCC) were studied ( [18], [19], [20]). 

Experimental data on DCC supported the development of models for the chugging mode of DCC 

implemented in CFD codes at VTT Technical Research Centre of Finland. The CFD model 

developed by VTT employed various correlations for heat transfer and surface areas for phasic 

interfaces. The condensation rate was found out to be very sensitive to the correlations [6]. 
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Experimental data on the mixing of thermally stratified layers was also used for developing and 

validating effective models implemented in GOTHIC at KTH, namely the Effective Heat Source 

(EHS) and Effective Momentum Source (EMS) models. To address problems in simulating large 

oscillations of steam-water interface during chugging that act to enhance pool mixing, Li et al. 

proposed to calculate momentum based on synthetic jet theory and to introduce it to GOTHIC 

through EMS. The heat source introduced by steam injection was provided through EHS. This 

way, the simulation of thermal stratification and mixing could be computationally efficient since 

DCC was not resolved. Good agreement in temperature profile in the pool was reported between 

simulation and experimental data [6]. 

In addition, new 1D-methods to predict thermal stratification have been developed at the 

University of California, at Berkeley, based on the findings of previous scaling analyses [21]. A 

significant improvement in computational efficiency was achieved as compared to 3D CFD 

methods. These methods were implemented in the BMIX++ code and validated against one 

PPOOLEX experiment. In general, the simulation results agreed well against the experimental 

data ( [22], [23], [5]).  

All the above work employed single nozzle geometry and thus it is only relevant to steam 

venting through vertical blowdown pipes. In several events, however, steam can be vented 

through different injectors such as spargers. Sparger is a multi-hole device and its condensation 

characteristics are expected to differ from a single-hole nozzle [24].  

Only one experimental program related to thermal mixing induced by steam blowdown through 

spargers has been reported in the literature. A series of steam condensation tests have been 

carried out by the Korean Atomic Energy Research Institute (KAERI) in the JICO, GIRLS and 

B&C loop facility. The experiments aimed to produce comprehensive experimental database for 

evaluating IRWST behavior of the APR1400 and the development of methodology applicable to 

analysis of thermal mixing with CFD codes [25]. Both local behavior of condensing steam jets ( 

[3], [25]) and macroscopic flow pattern in the pool were analyzed ( [3], [11], [26], [27]). Since 

experimental and numerical research conducted by the KAERI is relevant to our study, we have 

decided to present it in more detail. 

In the process of developing the phenomena identification and ranking table (PIRT) for the 

thermal mixing in the APR1400 pool, KAERI identified the turbulent jet generated by a 

condensing jet as the factor that affects the extent of pool mixing the most [3]. To investigate the 

local behavior of the turbulent jet, the experiments were conducted by Kim and Youn [28], Youn 

et al. [29] and Choo and Song [11]. Based on the findings of their experimental work, the authors 

suggested that the theory on single phase turbulent jet is applicable for the modeling of steam jet-

induced turbulent jet. Furthermore, Choo and Song investigated the effect the turbulent jet has on 

internal circulation within the pool. Apart from experimental work, Kang and Song performed 

two numerical analyses of the turbulent jet induced by the condensing jet and compared the 

results with experimental data by Kim and Youn [28] and Youn et al. [29].   
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Based on the findings of their experimental work, Kang and Song [26] proposed to evaluate 

thermal mixing between condensed and subcooled water using the concept of steam 

condensation region model (SCRM). This model assumes that all the steam is perfectly 

condensed to water within the steam jet penetration length. Moreover, to simulate sparger 

geometry, the authors proposed to combine a group of holes into a large single cylindrical type. 

To check the validity of the employed model and assumptions, they performed numerical 

analysis with the CFD code, CFX-4.4 and compared predictions with experimental data from the 

B&C loop facility. The overall thermal behavior of the pool during a 30 s transient agreed well, 

with 7-8% of deviation. The authors concluded that the current CFD methods, together with 

auxiliary models on the behavior at local scales, can predict reasonably well the single-phase 

mixing pattern induced by steam discharge into a pool. Similar analyses were conducted by 

Moon et al. [27] with the use of CFX-11. The authors also used the SCRM, and to validate it, 

they relied on the data from: local phenomena, cylindrical water pool and annulus water pool 

experiments. They discussed how entrainment affects the momentum provided in the 

condensation process. More information about the experiments and the simulation results can be 

found in [27]. By comparing the simulation results with the test results, the authors reached the 

conclusion that the SCRM allows to evaluate thermal mixing phenomena well. 

1.3 Remarks on the state-of-the-art 

The discussion presented in this chapter introduced the phenomenon of thermal stratification and 

its potential consequences on the safety of nuclear reactors. From the above review it can be 

concluded that most of experimental programs on thermal stratification and mixing have been 

devoted to steam venting through blowdown pipes. As mentioned earlier, the following study 

will focus on steam discharge through spargers. A sparger is a device which discharges steam 

through multiple holes of about 10 mm diameter pointing radially outward. On the other hand, 

typical blowdown pipe diameters are about 600 mm. Due to the difference in the injection hole 

area, the condensation processed in the blowdown pipe and sparger are expected to be different. 

Moreover, in the case of the spargers, interaction between neighboring jets can also affect the 

condensation process. It can be inferred that most of the experimental work performed so far is 

not directly applicable to this study. 

A systematic effort in evaluating the performance of various spargers and resultant pool mixing 

in the tank has been made by KAERI; however: 

i) There is no available experimental data which can be used for the development and 

validation of new numerical methods for analysis of pool mixing. 

ii) The KEARI studies focused on steam blowdown under high steam mass fluxes. This was 

justified by the fact that the goal was to evaluate performance of a high pressure discharge 

system relevant to the design of APR1400. The purpose of the following study, however, is 
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the analysis of steam blowdown through spargers into the PSP of BWRs. Therefore, the 

steam blowdown conditions examined by KAERI are different from this study. Also the 

injection hole diameter in the sparger used by KAERI differs significantly from the hole 

diameter in a typical sparger adopted in BWRs. 

As for the numerical analysis, in order to reduce uncertainties in predicting the containment 

pressure, safety analyses should take thermal stratification into account. There are currently no 

efficient numerical methods that could predict pool behavior induced by steam blowdown over a 

broad range of conditions [3]. Up until now, the pool mixing analyses were conducted with the 

use of system codes (TRAC-G, TRACE), 1D codes (BMIX ++) and 2D/3D CFD/CFD-like codes 

(GOTHIC, CFX). Apart from TRACE and perhaps TRAC-G, these computational tools were 

able to predict pool behavior reasonably well; however: 

(i) The scope of the BMIX++ code is limited to homogeneously mixed or stably stratified 

conditions and transition cases, when stably stratified or well mixed ambient breaks 

down, and the time scales for this process were not addressed. 

(ii) Application of CFD codes involves the use of fine computational mesh, which is 

necessary due to the thin jet structures. The use of fine grid resolution is not practical as it 

is associated with high computational costs, especially when a complex geometry is 

modeled or if the phenomena are supposed to be solved in large enclosures, such as 

containments of nuclear power plants. For this reason, the CFD codes – even if they use 

auxiliary models to describe local behavior of condensing jets – are still not suitable for 

analyzing thermal mixing in a large water pool over long steam blowdown transients. In 

terms of CFD analysis performed by Kang and Song and Moon et al., they investigated 

pool mixing over a short period of time. 

(iii) The effective models implemented in GOTHIC by Li et al. were developed specifically 

for blowdown pipes. Further extension of models is needed to account for steam injection 

through spargers. 

1.4 Goals and Tasks 

Based on the motivation and review of previous work, the main goal of this Master Thesis is: 

 to develop and preliminary validate reliable and computationally efficient models 

applicable for analysis of PSP performance in terms of thermal stratification and mixing 

phenomena during a steam injection through spargers. 

In order to assess the goal; the following tasks have been addressed: 

Task I: Development of effective models which can compute the effective momentum induced 

by a steam injection through spargers over a broad range of steam injection conditions and 

condensation regimes.  
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Task II: Development of a scaling approach that can be used to design the experiments with 

spargers at the PPOOLEX facility, so that they can reproduce the thermal hydraulic phenomena 

and regimes relevant to a BWR-PSP. 

Task III: Pre-test analytical support in order to:  

(i)  verify that the BWR pool regimes can be reproduced in the PPOOLEX tests,  

(ii)  define the instrumentation setup, 

(iii) define a test-matrix. 

Task IV: Validation of the proposed models against PPOOLEX experiments 
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2 Development of effective models for spargers 

2.1 Approach 

The analysis of thermal mixing due to steam injection is difficult to perform with current 

computational techniques. Problems associated with this process can be attributed mainly to the 

complex thermal-hydraulic characteristics of Direct Contact Condensation (DCC). Due to the 

complexity of this condensation process, current CFD codes are still not able to resolve DCC 

phenomenon accurately. Moreover, resolving DCC requires fine mesh resolution and severe 

restrictions in the time step. Therefore, it appears necessary to develop new models for analyzing 

thermal mixing in large water pools.  

Effective models for analysis of thermal stratification and mixing are being currently developed 

at the Nuclear Safety Department at KTH. These models were named as the Effective Heat 

Source (EHS) and Effective Momentum Source (EMS). The idea behind the EHS/EMS models 

is that it is not necessary to resolve the DCC phenomena in order to predict the global pool 

thermal behavior. Up to now, EHS/EMS models have been developed and validated for steam 

injection through blowdown pipes against PPOOLEX experiments; further works are underway 

with regard to the development of models to account for steam injection through spargers, RHR 

nozzles, strainers and sprays. These works aim to provide a complete set of models that will be 

able to predict the behavior of PSP under transient or accidental conditions.  

In the EHS/EMS models, Li et al. [6] stipulated that phenomena occurring at local (small) scales 

are lost due to large differences in time/space scales of DCC and resultant macroscopic 

circulation within the pool. Thus, only integral effects of the local behavior of condensing steam 

jet were accounted for with respect to thermal mixing in the pool. This approach to the problem 

is advantageous since resolving DCC is avoided, and only the transfer of energy and momentum 

from the steam to the surrounding water are considered. It is the energy of injected steam that 

influences the pool thermal response, whereas the momentum derived from condensation leads 

to the development of macroscopic circulation within the pool. 

This master thesis aims to develop and preliminary validate effective models which can be used 

to predict the thermal behavior of a water pool during a steam injection through spargers. The 

EHS/EMS approach presented above is valid for the purposes of this work as it will allow the 

simulation of thermal mixing and stratification in a large water pool, such as PSP of BWRs, with 

acceptable accuracy and significantly increased computational efficiency. 
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2.2 EHS/EMS models for spargers 

Generally, the Effective Heat Source and Effective Momentum Source (EHS/EMS) models are 

proposed to predict and simulate thermal stratification and mixing in a pool induced by steam 

and/or fluid (water and non-condensable gases) injection through blowdown pipes, spargers, 

strainers, and/or nozzles [30]. The schematic of the EHS/EMS approach is shown in Figure 2.1. 

The EHS model [30] provides an integral heat source defined by 
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∫   
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Eq. (2.1) 

where   
̇̅̅ ̅̅  and   

̅̅̅ are time-averaged mass flow and enthalpy, respectively. A heat source is 

calculated separately for the LRR and sparger head. Also, the time-averaging ∆t is considered 

much longer than the time scale of DCC. In the EHS model, mass and energies provided with 

steam are conserved. However, in order for the model to function well, proper spatial distribution 

of the effective heat source also needs to be taken care of. The EHS model for spargers assumes 

that entire condensation occurs on the surface of subcooled water, and therefore total effective 

heat source is applied at the injection holes. This assumption should not differ significantly from 

reality since the spargers have been introduced in order to increase steam quenching efficiency, 

and are characterized by a large number of injection holes with small diameters. Post-test 

analysis also confirms that condensation inside the sparger is significantly less compared to the 

condensation at the exit holes. 

The EMS model, on the other hand, provides time-averaged momentum induced by steam 

injection. The effective momentum depends on the condensation regime and does not necessarily 

equal the momentum of injected steam. This is due to the fact that there are different patterns of 

fluid oscillations in the pool depending on the condensation regime. More information on the 

condensation regimes can be found in Section 2.3.1 as well as in [31]. The EMS model [30] 

calculates the time-averaged effective momentum source defined by 
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      Eq. (2.2) 
 

where   is an instantaneous momentum of the condensed water at the exit holes. A momentum 

source is calculated separately for the LRR and sparger head.  

The main challenge in the development of these EHS/EMS models is to find simplified 

analytical models able to predict the integral heat and momentum sources generated by the 
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complicated process of DCC under different conditions (i.e. different steam mass flux and 

different pool temperature). In the past, Li et al. [30] [32] developed and validated EHS/EMS 

models for blowdown pipes under conditions where condensation occurred entirely inside the 

pipe and also when the condensation process was characterized by significant water oscillations 

inside the pipe (i.e. during the chugging regime). Li et al. proposed to determine the value of 

momentum provided from condensation based on the synthetic jet model. This work, however, is 

concerned with spargers and the steam mass fluxes are high and the condensation regimes are 

different (i.e., oscillatory bubble and oscillatory cone jet regimes). Hence, the exact calculations 

of the effective heat and momentum are quite different between blowdown pipes and spargers. 

The estimation of the effective momentum adopted here is based on the Steam Condensation 

Region Model" (SCRM) proposed by Kang et al. [26]. More details are provided in the 

succeeding sections. 

 

 

Figure 2.1: Schematic of Effective Heat Source (EHS) and Effective Momentum Source (EMS) approach for spargers. 
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2.3 Modeling at local scales 

2.3.1 Local behavior of condensing steam jet 

In order to develop the mathematical models that could be implemented in the analysis of 

thermal mixing in the pool, one first needs to understand the mechanism of condensation.  Thus 

the model development process should begin by analyzing a single condensing steam jet. 

When steam is discharged into subcooled water, a steam jet is formed at the injection holes exit. 

It is on the outer surface of this steam jet area where DCC occurs. In such jet, three specific 

regions can be distinguished [3], [33]: (i) vapor core, (ii) mixing region with water entrainment, 

(iii) turbulent two-phase jet. However, the behavior of the condensing steam jet and the specific 

appearance of these regions can take different forms depending on parameters such as steam 

mass flux, pool sub-cooling, and injection hole geometry [33]. Interaction of those parameters 

has been extensively studied in the past and many condensation regime maps have been reported 

in the literature in which the steam-water interface is described in terms of its geometrical 

appearances and dynamic features. It is also known that the transfer of momentum to the 

surrounding water is dependent on the condensation regime which makes this problem highly 

complex [3]. 

 

  

a)                                                                                               b) 

Figure 2.2: a) Condensation regime map for single hole [31]; b) Flow structure of condensing steam jet (d=10.15mm, 

G=600kg/m2s, Tp=40oC ) [3] 

The above analysis of single condensing steam jets is important to the analysis of steam injection 

through spargers because of the following observations ( [3], [26], [27]): 

i. Steam condenses over a short distance and provides momentum to the surrounding water. 

This momentum may vary substantially depending on condensation regime. 

ii. The surrounding pool water is entrained into vapor core region. 
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iii. A turbulent jet is formed and it propels the macroscopic circulation within the pool. 

Moreover, previous studies have shown that two-phase turbulent jet also shows self-

similarity and can be modeled through single-phase turbulent jet. 

 

2.3.2 Mathematical model 

In the steam condensation region (SCRM) model, it is assumed that all steam is condensed 

within the steam jet penetration length, and steam mass and energy are treated as sources at the 

boundaries [26] [27]. For the purpose of simplicity, the SCRM concept used assumes uniform 

velocity and temperature of the condensed water. The SCRM concept is shown in Figure 2.3(a). 

Due to the fact that the spargers have many injection holes, it would not be practical to use the 

SCRM for each of them.  A simpler concept was used by combining holes oriented in the same 

direction into a single hole (see Figure 2.3.(b)). It is believed that such simplification does not 

affect global thermal mixing phenomena significantly since the jets do not interact considerably 

with one another as long as pitch to diameter (P/D) is high enough, as is the case in a typical 

BWR sparger [3]. The area of this lumped single hole was determined as the sum of 

condensation areas contained in the individual SCRMs. It was further assumed that injection 

conditions for each hole are the same, and all injected steam condenses on liquid interface.  

We can apply laws of mass, momentum and energy to such lumped SCRM in order to determine 

effective momentum and effective heat source resulting from the condensation.  

 

         Eq. (2.2) 

               Eq. (2.3) 

                              Eq. (2.4) 

                                                              

In the mass conservation equation, it was assumed that the condensed water mass is equal to the 

injected steam mass and the entrained pool water mass.  

In the momentum conservation equation, it was assumed that: i) friction and body forces are 

negligible, ii) entrained water flows into the condensation region in the direction normal to its 

surface ( [3], [26], [27]).  

The momentum equation can be simplified further by additionally assuming the following: iii) 

pressure along the z-axis does not vary significantly [34], iv) complete condensation of the steam 

jet occurs within cylindrical volume. A similar assumption, i.e. condensation occurring in 

cylindrical volume, was used in the PSP mixing analysis conducted by Gamble et.al. [4]. Due to 



- 14 - 
 

the above assumptions, the momentum equation was finally expressed by Eq. (2.5) and this 

equation will be used in pre-test calculations. 

 

          Eq. (2.5) 

 

As for the calculation procedure, Eq. (2.5) was first used to calculate the velocity of condensed 

water. Then, this velocity was used to calculate the mass of condensed and entrained water with 

equation Eq. (2.2). The resulting data allowed us then to calculate the enthalpy of condensed 

water with Eq. (2.3). 

It should be noted that this model is only valid for the case where the entire momentum is 

transported to the condensed water jet.  

 

a)                                                                                       b) 

Figure 2.3: SCRM: a) individual model [27], b) lumped model 

2.4 Computational Analysis Tool 

Proper modeling of mixing patterns induced by steam jets requires a prediction tool with three-

dimensional capabilities. Furthermore, in the case of devices such as spargers, multiplicity of 

injection holes may trigger complicated flow patterns due to interaction occurring between 

neighboring steam jets.  

Although Kang and Song [26] and Moon et al. [27] evaluated pool thermal hydraulic behavior 

using CFX 4.4 and CFX 11 software with the SCRM, they only computed a small transient of 

approximately 30s (Kang and Song) and 300s (Moon et al.). The main goal of the EHS/EMS 
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models developed at the KTH is their further application in the analysis of the PSP pool behavior 

under realistic transient situations. In general, these transient situations occur over a broad range 

of steam blowdown conditions and need to be analyzed over a long period of time. For example: 

the development of thermal stratification in PSP is important at the later stage of steam 

blowdown phenomena, when steam mass flux has reduced significantly. Although 3D, single-

phase CFD computations are commonplace, the size of the system considered in our case, as 

well as the long transient behavior discouraged the application of CFD methods. 

Given the importance of 3D effects in the analysis of pool behavior, we decided to use the 

GOTHIC code (Generation of Thermal Hydraulic Information in Containments). GOTHIC is a 

thermal hydraulic code developed by NAI for modeling transient multiphase, multidimensional, 

compressible flows and heat transfer in a complex geometry. It has been extensively validated 

against a wide variety of experiments including gas stratification and mixing phenomena in large 

enclosures [35]. 

GOTHIC uses 3D Reynolds-Averaged Navier-Stokes Equations (RANS). When solving 

equations, GOTHIC implements a set of correlations for the transfer of mass, energy and 

momentum between the phases, and between the walls and the fluid. Because of this, there is no 

need to resolve boundary layers which, compared to CFD codes, allows for the use of much 

coarser mesh achieving a much better computational efficiency. 

2.4.1 EHS/EMS implementation in GOTHIC code 

The schematic of the GOTHIC model developed in this thesis is shown in Figure 2.4. The 

computational domain of the model only includes the wetwell space that is represented by two 

subdivided volumes. The lower volume (2s) models the suppression pool, and the upper volume 

(1s) represents the gas space. Additional three volumes (3s, 4s, 5s) are defined within the second 

volume for local refinements of the mesh around the sparger, which otherwise are not possible in 

the GOTHIC code [36]. The size of volumes 3s and 4s was determined so as to properly resolve 

the core region of the jets discharged through the holes. The temperature in this region is about 

the same as the jet discharge temperature, and it will not be predicted if too large of a cell size is 

determined. 

The actual geometry of the wetwell and the sparger were represented by blocking groups of cells. 

In order to introduce the coupled volumes 3s, 4s, and 5s, the cells corresponding to their location 

were also blocked, and slip boundary conditions were set on their surfaces.  

In the SCRM presented in section 2.3.2, the length of condensation region was assumed to be 

equal to 2.5 times the outlet hole diameter. Even though the jet penetration length can change 

along with pool temperature and steam mass flux, it is assumed constant since earlier numerical 

simulations have shown its effect on thermal mixing analysis to be negligible [26].  Conservation 

laws of mass, momentum and energy (Eq. (2.2)-Eq. (2.5)) were used to determine mass flow rate 
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and enthalpy of condensed water, as well as water entrained at the condensation region 

boundary. The equations were implemented in GOTHIC as ‘Control Variables’, solved each time 

step and provided as fluid boundary conditions [36].  

The LRR holes and sparger head holes are represented by flow paths 1-8 and 9-20, respectively. 

The boundary conditions connected to the flow paths supply the temperature and flow rate of the 

condensate water. The entrained water flowing into steam condensation regions of the sparger 

head was modeled by flow paths numbered 21-36 and the corresponding boundary conditions. 

Entrainment flow around steam jets discharged from the LRR was modeled the same way, while 

the corresponding flow paths and boundary conditions are numbered 37-48.  

The heat transfer from the containment atmosphere to the external environment is neglected in 

pre-test calculations. Nineteen 3D connectors defining hydraulic connection across cell 

interfaces, common to two separate subdivided volumes, complete the model.  

 

 

Figure 2.4: General GOTHIC model used for the simulations. 
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3 Experimental design and test conditions 

3.1 Scaling 

The EHS/EMS models developed for spargers need to be validated against experimental data. It 

is particularly important that the conditions of the experiment are relevant to a full scale plant 

transient. In recognition of the importance of this model validation, the NORTHNET-RM3 and 

NKS research projects decided to conduct experiments in the PPOOLEX test facility located at 

LUT [19]. The test facility is, however, reduced-size, and in order to make sure that the 

experimental data and developed numerical models maintain similarity with prototypical, or full-

scale, facilities in terms of key thermal-hydraulic phenomena, it is essential to perform 

corresponding scaling analysis. Our goal is to develop a scaling approach to determine physical 

dimensions of the sparger and the operating conditions so that the important features of BWR 

steam blowdown and PSP behavior can be reproduced in the experiment.  

3.1.1 Literature review  

Many scaling techniques have been proposed over the last decades (especially in the 80’s and 

90’s). On their basis, numerous experimental facilities simulating nuclear power plants have 

been designed. Using different scaling techniques, however, leads to obtaining a variety of 

scaling laws which are not always compatible with each other [37]. Therefore, depending on the 

purpose with which a particular test facility is built (i.e. what phenomena we wish to reproduce 

with the best accuracy), priorities should be set, followed by choosing relevant scaling 

techniques. The most commonly used scaling techniques include, among others: linear scaling, 

volume scaling, Ishii scaling and, hierarchical, two-tiered scaling (H2TS).  

Linear scaling laws have been derived independently by Carbiener et al. [38] and Nahavandi et 

al. [39]. In this technique, linear dimensions as well as a time scale of the prototype are reduced 

with the use of a fixed scale factor. This leads to small volumes and amplifies acceleration in the 

model [40] [37]. Because of this, the technique should not be used for phenomena where 

gravitational acceleration is important. Nahavandi et al. [39] have also derived scaling laws for a 

technique commonly referred to as volume scaling. It involves reducing both the volume and 

power by a certain common scale factor, while height, velocity and time scales are maintained 

with respect to the full-scale plant. Most integral test facilities for the LOCA have been designed 

using volume scaling [40]. This technique, however, proves problematic as it results in obtaining 

small cross-section areas and therefore entails significant flow resistance and a pressure drop 

[37]. Furthermore, issues also occur with regard to excessive heat losses. Ishii et al. [41] have 

come up with scaling laws which allow to overcome the drawbacks of volume scaling [42]. They 

have proposed scaling laws for single and two-phase natural circulation systems. It should be 
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emphasized that this scaling approach is the most general and makes it possible to derive scaling 

laws for volume and linear scaling (see [37]). Ishii scaling allows to select a height scale, and the 

authors have emphasized the advantages of using reduced-height scaling, noting that such 

scaling helps reduce friction losses. Due to the differences in time scale and velocity scale with 

respect to the full-scale plant, this scaling approach, however, triggers certain distortions, 

especially for local phenomena [43]. More information on the above scaling techniques can be 

found in [37]. A more recent technique, considered to be the scaling state-of-the-art and known 

as H2TS, has been proposed by Zuber [44]. This scaling method offers consistency, reduces 

arbitrariness in deriving scaling criteria, and facilitates identification of important processes and 

assessment of scaling distortions. This is why it is recommended for scaling complex thermal-

hydraulic scenarios, especially when synergistic effects are important, i.e. for integral test 

facilities. Main features of this scaling technique include: system decomposition, scale 

identification, top-down and bottom-up scaling analysis. The system is decomposed into 

hierarchical levels in order to facilitate scaling analysis, and each of these levels is characterized 

by a temporal scale (transfer rate) and a spatial scale (transfer area). For each stage of the 

analyzed accident, important phenomena are identified in the process of PIRT development and 

being assigned particular scaling levels at which they should be considered. Top-down scaling is 

conducted, proceeding downward through subsequent hierarchical levels. Top-down scaling 

allows to determine the global system behavior and interactions between hierarchical levels, as 

well as identify important processes to be addressed in bottom-up scaling. For each of the 

hierarchical levels conservation equations are defined, and they are non-dimensionalized. Thus, 

non-dimensional coefficients are obtained and expressed in terms of characteristic time ratios 

governing similitude between the full-scale and test facility. These non-dimensional coefficients 

further allow to determine which processes govern the system behavior. Bottom-up scaling, on 

the other hand, is conducted in order to examine specific processes which are important for the 

system behavior. Based on closure relations for these processes (e.g. flow pattern transitions, 

critical heat flux), scaling criteria are derived, allowing to maintain similarity to the full-scale 

plant [45]. In bottom-up scaling, more traditional, non-dimensional groups - such as the 

Reynolds number or the Prandtl number - are derived. Scaling criteria derived in bottom-up 

scaling help optimize the design of test facility. A more comprehensive description of H2TS can 

be found in [44] and [46]. 

Scaling analyses specific to the steam relief into a large water pool were conducted by Peterson 

[21], Sonin et al. [47] and Li et al. [48]. Peterson [21] analyzed mixing processes triggered by 

injected buoyant jets, plumes and wall jets in large volumes of water. The analysis was 

performed under stratified conditions where it was assumed that temperature distribution is one-

dimensional. For his analysis, Peterson used the H2TS method to derive non-dimensional 

parameters that allowed him to predict the onset and breakdown of thermal stratification. These 

non-dimensional parameters were expressed in terms of: ratio of height of the stratified water 

layer (or jet submergence depth) and jet diameter at the injection hole, as well as the Richardson 

number. Sonin [47] analyzed steam discharge and condensation at a steady mass flow rate 
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through the SRV system. He identified physical quantities relevant to the examined problem, 

and, based on dimensional analysis, he derived similarity parameters allowing for proper 

modeling of this process in reduced-scale studies. He noted that, when using a system that is 

geometrically similar to the prototype, i.e., the same thermodynamic conditions and the same 

steam mass flux, most of the similarity parameters (8 out of 12) can be preserved. Furthermore, 

he reached the conclusion that the derived scaling laws may also be used to analyze the initial air 

clearing transient. Sonin also conducted an experiment confirming the validity of the derived 

scaling laws [49]. Li et al. [48] examined a similar problem, i.e., steam injection into the water 

tank through the ADS system of an AP1000 reactor. Their examination was based on non-

dimensionalizing the governing mass, momentum and energy equations for important stages of 

the steam discharge process, with the inclusion of some simplifying assumptions. Although 

another approach was used with regard to the analysis conducted by Sonin, the authors still 

arrived at the same conclusions. This may point to the validity of the derived scaling laws in both 

analyses and prove how important these particular parameters are for analyzing steam injection 

into the pool. 

3.1.2 Goal of the scaling 

Total similitude in a scaled-down test facility is not possible to achieve. Because of this, proper 

scaling methodology must select those phenomena that we wish to reproduce with highest 

accuracy. For the phenomena of less interest, it will be necessary to determine the resulting 

scaling distortions. In our case, scaling distortions are additionally generated due to the fact that 

the experiment is going to be conducted in an existing test facility with its own constraints and 

physical limitations, such as steam production capacity, size restrictions etc. 

For experimental activities in the PPOOLEX test facility the general objective was to examine, 

in separate effect tests, thermal stratification and mixing in the pool under different steam 

injection conditions relevant to prototypical BWR blowdown transient. To meet the experiment 

objectives, a sparger was designed and constructed in order to preserve condensation regimes 

and steam injection conditions as those quantities have been assumed to be important to the PSP 

behavior. It is worth noting that the conducted scaling analysis does not focus on designing a 

sparger that could be used in experiments from which results could be directly extrapolated to 

full-scale plant. This was not possible to achieve due to the constraints of the PPOOLEX facility. 

The scaling approach developed in this work only aims to scale down prototypical plant 

conditions and parameters which will allow us to reproduce important phenomena (i.e. thermal 

stratification and mixing) during the tests in the PPOOLEX test facility. Separate effect 

experiments performed in this manner will make it possible to develop and asses closure models 

for different condensation regimes, as well as validate our modeling approach under conditions 

applicable to full-scale analysis of plant transient. Having a validated numerical model for each 

condensation regime, we will then be able to implement it in the analysis of full scale plant 

behavior. 



- 20 - 
 

3.1.3 Reference NPP and transient to be scaled 

The PPOOLEX test facility was initially modeled after the Olkiluoto 1 reactor but the design of 

the sparger and the test condition parameters were based on typical Nordic BWR values. 

A station blackout (SBO) scenario, followed by automatic depressurization system (ADS) 

actuation, was chosen as the base scenario to be scaled in the PPOOLEX facility. This scenario is 

similar to a SRV leakage. As for station blackout transient, it was assumed that loss of off-site 

and on-site power occur simultaneously and the latter is due to the failure of emergency diesel 

generators. A similar scenario took place in Fukushima accident, where total loss of AC power 

caused by a tsunami that flooded diesel generators occurred shortly after losing off-site power. 

Upon loss of off-site power, the reactor scrams and the main steam isolation valves (MSIV) are 

shut to isolate the reactor coolant pressure boundary. However, heat is still generated from decay 

heat of the fuel located in the reactor core. During the postulated SBO event, decay heat can be 

removed only through passive safety systems, such as SRVs, that discharge steam generated in 

the vessel to PSP. For the purposes of this scaling analysis, the steam injection conditions during 

the postulated SBO event were estimated by means of simulation conducted in the GOTHIC 

code and were summarized in Table 3.1 [36]. As for the core power, a decay heat curve for a 

Nordic BWR reactor of similar power was used in the calculations and shown in Figure 3.1.(a). 

Furthermore, other dimensions used in the GOTHIC model were obtained from [51] and [48]. 

The simulation assumed that 8 SRVs are used during ADS actuation, each of which discharge 

steam to 4 spargers located at the ends of SRV lines. The sparger pipe diameter was assumed to 

be 150mm, and a total injection hole area for each sparger of 10100mm
2
 was used. In the leaking 

SRV scenario, GOTHIC-based analysis was again used to determine conditions of steam injected 

into a PSP pool [36]. Total steam capacity of SRV used in the analysis was 97 kg/s and was 

obtained from [1]. The analysis results were presented in Table 3.2. The exact way of the 

GOTHIC-based modeling for particular SBO events and SRV leakage is not discussed as it falls 

outside the scope of this work. 

 

Table 3.1: Prototypical steam injection conditions- SBO scenario [36] 

Time after 

SRVs actuation 

[s] 

Sparger pressure at 

the sparger inlet 

[kPa]  

Steam mass flow 

through all spargers 

[kg/s]  

Steam mass flux 

through sparger pipe 

[kg/(m2s)] 

Steam mass flux 

through injection holes 

[kg/(m2s)] 

300 400  140  250  430  

500 240  66  115  200  

10000 190  20  35  60  

 

Table 3.2: Prototypical steam injection conditions- Leaking valve scenario [36] 

Opening of the SRV  [%] 100  50  25 20  15  5  

Sparger pressure at the sparger inlet [kPa] 2000 950 480 380 286 175 

Steam mass flow through SRV [kg/s] 97  49  24  19  14.5  5  

Steam mass flux through injection holes [kg/(m2s)] 2385  1204 590  467  359  122  
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a)                                                                                               b) 

Figure 3.1: a) Decay heat curve used in the SBO transient simulation; b) Ranges of steam injection conditions to be 

covered in PPOOLEX tests 

 

From the results, we can arrive at the conclusion that the analyzed SBO scenario is dominated by 

steam blowdown occurring at low steam mass fluxes. More importantly, the development of 

thermal stratification is more likely to appear under these conditions. Hence, a scaling analysis 

was conducted so that the steam blowdown conditions occurring within the time range of 500-

10000s after ADS actuation, and also accounting for 0-20% of total opening area in SRV leakage 

scenario, could be reproduced. This choice is further justified by the limited steam generation 

capacity where higher steam mass fluxes impose certain constraints on the sparger design. As 

mentioned earlier, in the PPOOLEX experiments, we want to maintain similarity in steam mass 

flux with respect to full-scale plant. However, there is a limited capacity of the PACTEL steam 

generator used in PPOOLEX facility which is about 1 MW with a maximum steam flow of 

~0.43 kg/s. 

 

Figure 3.2: Schematic of the PPOOLEX test facility [50] 
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3.1.4 Scaling methodology 

Based on the scaling methods analyzed earlier, a scaling methodology has been developed and 

used to design experiments in the PPOOLEX facility. In this scaling methodology, the system is 

decomposed into three different levels: macro, meso and micro [36]. Then, on each of the levels, 

important processes are identified, degree of their importance is assessed, and decision on 

similarity criteria is taken. Scaling begins at the macro-scale level where global parameters are 

determined, followed by transition to lower levels (i.e. meso and micro) where the goal is to 

provide similitude among individual processes found to be important for the analyzed problem 

(i.e. thermal stratification and mixing). Scaling methodology developed in this work can be 

summarized as follows: 

(i) Macro scale (pool): At this level, the goal is to be able to reproduce the thermal regimes 

of stratification and mixing which would appear in the full-scale pool during the 

considered transient. In order to do so, the spatial scale ratios of the pool are maintained 

in a similar range as the ones in a prototypical BWR [36]. At the macro-scale level, it is 

also important to maintain characteristic time scales of the ratio of momentum and energy 

changes that occur within the pool [36]. The importance of this quantity lies in the fact 

that it is the interplay between momentum and buoyancy which determines the behavior 

of condensing steam jets and whether or not the pool remains thermally stratified or 

mixed. Given a size of the pool, these time scales are determined by the total steam mass 

flow injected into the pool and the total injection hole area. Thus, in order to achieve the 

scaling goal for this level, the following parameters will be determined: water level, 

sparger submergence depth, steam injection conditions and total exit hole area. 

(ii) Meso scale (sparger): At this level, the goal is to control the condensation process in the 

steam line. This makes it possible to obtain similar spatial distribution of the heat source, 

and allows us to provide adequate momentum to the pool. To do so, similarity criteria at 

this level will be used to determine the diameter of the sparger pipe.  

(iii) Micro scale (jet structure): At this level, the goal is to cover the ranges of micro scale 

phenomena appearing in the steam jets without scaling the dimensions of sparger 

injection hole, so that we preserve steam mass fluxes (and respective condensation 

regime), and ratios of buoyant, inertial and viscous forces. At this level, the diameter for 

a single injection hole as well as a pitch-to-diameter ratio will be determined. 

 

3.1.5 Rationale for scaling choices 

Due to the fact that the scaling analysis must be performed in mind with constraints imposed by 

the PPOOLEX test facility, it was not always possible to preserve all the scaling criteria 

presented in section 3.1.4. The following part of the paper puts forwards a rationale for the 

proposed test conditions and scaling choices implemented in the sparger design. At each of the 
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scaling levels, a description is offered with regard to how the parameters were determined, what 

were the limitations, as well as what are the scaling distortions, if any. It can be summed up as 

follows: 

(i) Macro scale (pool): When determining water level, we wanted to maintain similar spatial 

scale ratios as in a volume of water surrounding a single sparger in a BWR. The spatial scales 

ratio was defined by Eq. (3.1). Unfortunately, spatial scale distortion was unavoidable 

because of the fixed dimension of the PPOOLEX tank, making its pool broader than in 

prototypical BWRs. The water level was set to 3m. This water level was chosen so that the 

distortion in spatial scale of the pool was considered small while it is possible to examine 

long steam blowdown transients and maintain reasonable sparger dimensions. As for the 

sparger submergence depth, it was determined taking into account the spatial scales of the 

pool in terms of volume of water between the upper and lower part of the sparger end. Data 

on prototypical BWR values were obtained from [51]. It was decided that sparger 

submergence depth should be 2 m which is about 60% of pool depth and represent a similar 

percentage to BWRs. The position of a load reduction ring (LRR) was determined using the 

same method. In this case, however, scaling distortions are bound to occur as the distance 

between the LRR and the sparger head will be shorter, resulting in a stronger interaction 

between jets discharged through different sections of the sparger (i.e. sparger head and LRR).  

Such positioning of the LRR, however, will cause the parameters of steam discharged 

through the LRR to be similar to prototypical values. It was decided that the LRR should be 

positioned 0.7 m from the sparger end; for prototypical BWR spargers, this value is within 

the range of 1.8-2 m. Other parameters to be determined were total injection hole area and 

total steam mass flow rate. Here we decided to maintain the ratio between the energy and 

momentum time scales and condensation regimes. The energy time scale was calculated 

using Eq. (3.2) while the momentum time scale was determined using Eq. (3.3). To 

determine injection hole area and total steam mass flow rate, we had to account for the 

limited capacity of steam generators used in the PPOOLEX facility, which is about 1 MW 

(maximum of ~0.43 kg/s steam flow). Steam injection conditions were chosen to fully utilize 

the production capability of steam as it allows to maximize total steam injection hole area 

while maintaining a similar ratio of the energy and momentum time scale. This ratio was 

calculated for the analyzed range of the SBO scenario and was presented in Table 3.3.                                                         

       
  

 
 Eq. (3.1) 

  
    

    
 Eq. (3.2) 

  
    

    
 Eq. (3.3) 
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(ii)  Meso scale (sparger): The sparger diameter was determined with the condition that 

condensation rate inside the sparger pipe is similar to prototypical values. This will allow to 

maintain similar values of heat distribution along the sparger pipe and similar steam quality 

and temperature at the injection holes. In the analytical approach, the condensation rate was 

obtained from the heat exchanged through the sparger walls, and latent heat, as shown in Eq. 

(3.4). Meanwhile, the heat transferred through sparger walls was calculated based on a heat 

transfer formula for cylinder, as shown in Eq. (3.5). The calculations assumed certain 

simplifications, such as the same boundary layer thickness or the same temperatures of inner 

and outer walls. The resulting value of the sparger diameter was 66mm. To verify the validity 

of analytical approach, GOTHIC simulations of steam injection into a lumped wetwell 

through a blowdown pipe were run. Two GOTHIC simulations were performed, (i) steam 

blowdown in a prototypical BWR, and (ii) PPOOLEX conditions using the diameter of the 

sparger obtained with Eq. (3.5). The data used for BWR calculations were obtained from [1] 

and [51]. For the prototypical BWR geometry, only the space occupied by a single sparger 

was modeled. The steam mass flow rates for BWR and PPOOLEX were 1.82 kg/s and 0.3 

kg/s, respectively. The initial parameters, as well as steam enthalpy were the same in both 

cases. Furthermore, the GOTHIC model used in the simulations had a lumped wetwell and 

sub-divided volume for the pipe. The heat transfer through the sparger walls was modeled 

using built-in heat transfer models in GOTHIC.  For both cases, the parameters used in the 

modeling have been contained in Table 3.4. The results obtained showed similar 

condensation rates, thus confirming the validity of the proposed diameter. 

    
 

   
 Eq. (3.4)                   

  
             

    
   
   

 
 Eq. (3.5) 

                                                                       

(iii) Micro scale (jets structure): The pitch-to-diameter (P/D) ratio and injection hole diameter 

were determined so that they would cover the ranges of micro scale phenomena similar to 

prototypical BWRs. At this level, our limitations were the total injection hole area and 

sparger pipe diameter determined at the macro and meso-level scaling, respectively. The 

injection hole diameter is set to 8mm. The injection hole diameter is similar to prototypical 

values and expected to result in a similar range of ratios of buoyant, inertial and viscous 

forces. We also need to take into account the interactions occurring between neighboring 

steam jets. Previous experimental investigations conducted for spargers with different P/D 

ratio demonstrated that this quantity has a significant influence in jet interaction [52]. As P/D 

ratio decreases, the steam jets tend to become more interactive, and the neighboring steam 

jets are combined to build extremely unstable bubbles around the sparger. As a result of this 

interaction, the discharging velocity of the steam, which acts as a driving force of thermal 

mixing, decreases rapidly [52]. Using 8 mm as the injection hole diameter, the horizontal P/D 
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ratio for sparger head holes is set at 3.6, similar to typical BWR spargers. The vertical P/D 

ratio was set at 4.5, also similar to typical BWR spargers. Such hole arrangements will 

provide us with 8 holes per row and a total of 4 rows of holes for the sparger head. A sparger 

configured in this manner should allow us to achieve similar microscopic jet behavior and a 

similar degree of interactions occurring between steam jets. At the same time, suggested 

number of rows of holes for the sparger head will let us better understand interactions 

between the jets. As for the P/D ratio for a LRR, scaling distortions will occur due to the 

chosen sparger diameter. The diameter for the LRR has been matched as to be able to contain 

the LRR holes, at 110 mm, similar to typical BWR spargers. Since 8 mm was used as the 

diameter of the LRR injection holes, a total of 8 injection holes can be fitted with a P/D ratio 

of 3.8. In typical BWRs, the corresponding P/D ratio is 2.44. Hence we should expect less 

interaction between steam jets discharged from the LRR. 

 

Table 3.3: Temporal scales: BWR vs PPOOLEX 

 BWR PPOOLEX 

Time after 

SRVs actuation 

[s] 

Energy 

time scale 

[1/s] 

Momentum 

time scale 

[1/s] 

Energy/Momentum 

time scale 

Energy 

time scale 

[1/s] 

Momentum 

time scale 

[1/s] 

Energy/Momentum 

time scale 

500 7.1e-4 3.5e-3 0.20 9.5e-4 4.5e-3 0.21 

10000 2.0e-4 3.4e-4 0.59 2.8e-4 4.1e-4 0.68 

 

Table 3.4: Input parameters for GOTHIC simulations for estimation of condensation rate 

Wetwell BWR PPOOLEX Sparger BWR PPOOLEX 

 iameter [m] 3.33 2.4                [mm] 132 66 

Height [m] 13.57 4.27 Pipe thickness [mm] 4 4 

Water Level [m] 9.5 3 Submergence depth [m] 6.4 2 
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Figure 3.3: Results of the scaling analysis: proposed sparger [50]. 
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3.2 Pre-test Calculations 

3.2.1 Goal of the pre-test 

An important part of this study was to provide analytical support for the LUT University with 

respect to future experiments involving steam blowdown through spargers. For this purpose, pre-

test calculations were performed with the use of the EHS/EMS model presented in Chapter 2. 

The goal of these pre-test calculations is to confirm that the scaled sparger design, presented in 

Figure 3.3, is able to reproduce both thermal stratification and mixing in the PPOOLEX facility. 

Based on the pre-test analysis, operational regimes and test procedures for future experiments 

were proposed. Also, based on the obtained temperature and velocity profiles in the tank, 

suitable placement of the thermocouples to get better data was proposed.  

3.2.2 Separate-effect tests 

Geometrical complexity of a sparger and complicated flow patterns induced after steam injection 

make the analysis of thermal behavior in the pool difficult to perform. In order to facilitate the 

validation process of the proposed models, separate effect tests were conducted. For this purpose, 

the steam is discharged only through the sparger head holes while holes in the LRR are blocked. 

In this way, we avoided uncertainty in the redistribution of steam mass between the LRR and 

sparger head holes which are difficult to measure during the experiment. It will also prevent 

interaction between jets discharged from the two different parts of the sparger (i.e. LRR and 

sparger head). This approach proves efficient and makes the model validation process much 

easier as it reduces uncertainties in estimating the effective momentum provided to the pool. 

From this point on, both the experiments performed in the PPOOLEX facility as well as the 

results of our numerical analysis will relate solely to the case where steam is injected only 

through sparger head holes.  

3.2.3 Model for pre-test calculations 

The GOTHIC 8.0 (QA) code will be used in calculations. Implementation of the EHS/EMS 

models into GOTHIC was discussed in the previous section of the study. This section, discusses 

the specific characteristics of the model, such as computational grid or numerical schemes, used 

in pre-test calculations. 

The grid model with a denser cell distribution around the sparger pipe was introduced to resolve 

the high velocity and temperature gradients occurring near condensation regions. The cell size in 

the LRR and sparger head region was determined so that the cell area downstream from the 

condensation region is similar to the actual jet area at that location (according to the guidelines 

found in the GOTHIC user manual). In the pool region far from the sparger, the mesh size was 
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increased in the x/y directions since high velocity gradients were not expected there. The 

resulting mesh was rather coarse (13464 cells), compared to typical meshes used for CFD 

simulations. 

The grid model is based on orthogonal coordinates, the only possible option using the GOTHIC 

code. Due to the sparger pipe’s location (417 mm away from the center of the tank), the flow 

pattern is expected to vary in the circumferential direction. Hence the grid model is made 

asymmetrical with radially increasing size of the cells. Figure 3.4 shows the 3D nodalization of 

the wetwell.  

The main features of the mesh are summarized in Table 3.5. Each mesh consists of axial levels 

(vertical subdivisions) provided with a square test matrix (cross-sectional subdivisions, e.g. 4x4). 

The total number of cells, irrespective of whether they are blocked or not, is listed in the table.  

 

Table 3.5: Details on the computational grid used for pre-test calculations. 

                                Cells                      Test                      Axial                Typical mesh size 

                              (in total)                 Matrix                   Levels             △x,y                  △z                                                                                                                                                                                                        

Volume 1s                 48                       16 (4x4)                    3                      0.6                    0.15      

Volume 2s             6656                 256 (16x16)                  26                      0.1                      0.1 

Volume 3s             4225                 169 (13x13)                  25                    0.05                    0.05 

Volume 4s             1183                 169 (13x13)                    7                    0.02                    0.02 

Volume 5s             1352                   69 (13x13)                    8                    0.02                    0.02 

 

 

 

Figure 3.4: Nodalisation used for the 3-D representation of the wetwell. 
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Figure 3.5: Nodalisation of the coupled volumes 3s, 4s, and 5s. 
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Figure 3.6: GOTHIC modeling of entrainment in the LRR region. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: GOTHIC modeling of entrainment in the sparger head region. 
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The turbulence model adopted for the simulations was a standard two-equation k-ε model. The 

conservation equations are solved using a semi-implicit numerical method. The second-order 

upwind difference scheme was implemented for the spatial discretization of the advection term 

in transport equations. Due to the relatively large number of cells used in the model, the 

conjugate gradient iterative technique was used to solve the system pressure matrix. The adaptive 

time step was between 1e-7 -0.05 s. The convergence criteria requires the residual pressure error 

to fall below the value of 1e-7. 

3.2.4 Initial and boundary conditions for pre-test 

A total of 7 simulations were performed. The simulations differed solely in terms of the imposed 

steam mass flow rate through spargers. Each simulation began with a small steam injection rate 

of 60 g/s which lasted 3000s and aimed to develop thermal stratification. Then, the steam mass 

flow rate was rapidly increased to 90, 120, and up to 270 g/s, depending on the simulation. Thus 

the transition point and steam injection conditions responsible for overall mixing of the pool 

were determined. The simulations are summarized in more detail in Table 3.6. 

 

Table 3.6: Initial and Boundary Conditions for pre-test simulations. 

Initial Conditions 

Initial water level in the pool [m] 

Initial pool water temperature [oC] 

Inlet gas pressure in the wetwell [kPa] 

 

Transient Conditions 

Steam mass flow rate [g/s] 

Pool water temperature [oC] 

Steam pressure at the outlet [kPa] 

Duration [s] 

Initial Conditions 

3 

20 

101.35 

 

Transient Conditions 

60, 90, ..., 240, 270 

20-80 

230 

4000-6000 

 

 

3.2.5 Analysis of pre-test results 

The results of only three specific simulations: 60-90g/s (thermal stratification), 60-180g/s 

(transition to mixing) and 60-270 g/s (mixing) are shown. Figure 3.8(a)-(c) summarizes the 

results obtained for these three simulations in terms of temperature profile over a transient time 

in certain locations. The radial positions, from which the data are obtained, are shown in Figure 

3.8(d). Furthermore, Figure 3.9 shows 2D streamlines and temperature field for each of the 

simulations at t=3500s, performed using the ParaView software. 
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                                                       a)                                                                                          b)  

 

                                                       c)                                                                                                   d)  

Figure 3.8: Vertical temperature distribution along L1-L4 trains for (a) 60-90g/s, (b) 60-180g/s, and (c) 60-270g/s; d) 

Radial and axial positions for L1-L4 trains. 

 

L1, L4 [m]---L2, L3 [m] 
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                                      a)                                                                                               b)  

 

                                                                                           c) 

Figure 3.9: Temperature field and 2D streamlines at t=3500s for a) 60-90g/s, b) 60-180g/s, and c) 60-270g/s. 

 

The results showed that it is possible to obtain transition to mixing within the current steam 

injection capacity of the PPOOLEX facility with the proposed sparger design. On the basis of the 

temperature profiles, we can also conclude that the region near L3, L2 trains is subject to most 

rapid mixing, while the area close to the center of the pool, represented by L1, L4 trains, tends to 

mix most slowly. We can also conclude that L1, L4 trains seem to be redundant. Regarding the 

general flow pattern in the tank, it is asymmetrical due to the position of the sparger (i.e. 417 mm 

from the center of the pool). As expected, with a small steam mass flow rate, the flow pattern is 

dominated by buoyancy force and the discharged water flows mostly upwards, as shown in 

Figure 3.9(a). As a result, thermal stratification develops, where the upper of the tank is 

practically under the same temperature. In the second case, shown in Figure 3.8(b), higher inertia 

of the discharged water corresponds to higher momentum which translates into a downward 

water movement being more pronounced. The discharged water hits the tank’s wall and then is 

redirected sideways. In this case, however, buoyancy starts to dominate at some point and the 

water turns upwards. A further increase in steam mass flow rate triggers more fraction of the 
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downward momentum which results in better mixing of the pool, as shown in Figure 3.9(c). 

Mixing time increases along with the increase of steam mass flow rate. Based on the conducted 

pre-test calculations the mixing time is predicted between 450s-1050s. 

3.3 Instrumentation Setup 

A total of 42 thermocouples with frequency of 2-20 Hz were proposed to measure temperatures 

near the vicinity of the sparger head. Placement of thermocouples was shown in Figure 3.10(a). 

Thanks to the information collected by the thermocouples, we will be able to compare recorded 

near-field temperatures with the EHS/EMS predictions. This will also provide us certain 

information on the validity of some of the assumptions we have used in the process of model 

development, such as steam jet condensation length. Temperature measurement near the vicinity 

of the sparger head is important as it is one of the basis in determining the condensation regime. 

These measurements are also source of information regarding interactions between neighboring 

steam jets. This information may also come in handy as the experiments do not measure velocity 

field in the pool. Although the PIV-based measurement was proposed, it does not guarantee 

obtaining high-quality images due to two-phase flow and not fully adequate position of a 

viewing window in the PPOOLEX facility.  

Moreover, it was proposed to distribute 68 thermocouples of frequency 2Hz along 4 vertical 

trains (L1-L4) with the aim of measuring the global thermal behavior in the pool. Even though 

the pre-test calculations showed temperature profiles along L1 and L4 trains to be practically 

identical, performing measurements along both trains was opted for as it would allow for more 

precise validation of the temperatures predicted by GOTHIC calculations. 2 trains (L2, L3) were 

spaced at 100mm from the pool’s walls which will provide further information on jet 

impingement on the wall. The thermocouples were placed with lower vertical separation at the 

level of steam discharge and the bottom of the pool as this is where high temperature gradient 

may occur according to the pre-test calculations. Placement of the thermocouples for global pool 

temperature measurements was shown in Figure 3.10(b). The exact positions of these 

thermocouples correspond to those used to present the results of pre-test simulations and are 

considered adequate to capture temperature profile in the pool. 

Additionally, it was also proposed to place 9 thermocouples inside the sparger pipe which would 

monitor steam injection conditions as well as the steam-water interface position (see Figure 

3.10.(b)). These thermocouples will also make it possible to determine frequency and amplitude 

of water oscillation, and thus further develop the EHS/EMS model. This, however, remains 

outside the scope of this study. 
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Figure 3.10: a) Near field TC grid; b) TC inside sparger pipe [50]. 

 

 

 

 

Figure 3.11: Proposed distribution of thermocouples along vertical trains L1-L4 [50]. 
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3.4 Test-Matrix 

So far, the test procedures for 5 experiments, SPA-T2 - SPA-T6, have been proposed. The tests 

are conducted mainly to examine oscillatory condensation regime.  

In the first test (SPA-T3) which was intended to examine the overall behavior of the PPOOLEX 

test facility with the proposed sparger, it was observed that pool mixing occurred at 150 g/s, 

slightly lower steam mass flow rate than the 180g/s predicted in the pre-test simulations. This 

steam mass flow which induced transition to mixing was taken into account in the design of the 

remaining experiments shown in Figure 3.12. It was also not possible to maintain system 

pressure at 230 kPa in the proposed experiments, as was in the performed pre-test calculations 

since the steam is discharged directly to the wetwell, and the air accumulated in the drywell will 

not contribute to the increase in pressure.  

 

 

 

 

 

 

 

 

Figure 3.12: The proposed test matrix for PPOOLEX. 

Due to the limited number of tests that we could carry out, a test-matrix has been designed to 

maximize the amount of information we are able to obtain during each test. Each test ends when 

the pool temperature is close to saturation conditions. The tests have been designed in 

accordance with a general rule:  

(i) Stratification phase -  Mixing phase 

(ii) Re-stratification phase - Mixing phase 

 

Due to the fact that the tests are intended to validate the EHS/EMS models, it was important to 

conduct them under different conditions, i.e. varying pool temperature and steam mass flux, 

since these values determine the effective momentum provided from condensation. In order to 

develop thermal stratification, steam is injected at a small steam mass flow rate. In order to mix 
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the pool, this rate is rapidly increased. To achieve different degrees of thermal stratification and 

different mixing times, the duration of individual phases was varied. 
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4 Validation of EHS/EMS models for spargers 

4.1 PPOOLEX SPA-T3 experiment 

Preliminary validation of EHS/EMS models for spargers presented in Chapter 2 was done 

against the POOLEX SPA-T3 experiment. The total duration of this test was approximately 

12000s. The main objective of the test was to provide information on the development of thermal 

stratification and the time required to break down thermally stratified layers.   

In the experiment, the drywell was bypassed and steam was directed towards a wetwell directly 

through the steam discharge line and the sparger presented in the previous section (see Chapter 

3). To avoid overpressurization of the PPOOLEX vessel, the wetwell gas space was connected to 

the drywell through 3 rubber valves. The sparger was placed inside the pool in an asymmetric 

location, i.e. 417 mm away from the vessel center. During the experiment, the wetwell was filled 

with isothermal water up to 2.9 m, resulting in a sparger submergence depth of up to 1.7m. 

In the SPA-T3 experiment, a saturated steam at about 150 kPa was injected into the pool. The 

measured values of steam mass flow rates are presented in Figure 4.1(a). The chugging regime, 

where water is sucked into the sparger and a steam-water interface oscillates up and down, was 

avoided in the experiment. This phenomenon may introduce a significant momentum to the pool, 

making the model validation process more difficult to perform. For this reason, the readings of 

TC located inside the sparger pipe were monitored to make sure the water did not get inside the 

sparger. Based on these readings, and according to the proposed test procedures, as shown in 

Figure 4.1(b) and (c), the steam mass flow rate was regulated using a manual throttle. 

Interestingly, the condensation regime map by Chan and Lee [31] predicted that the chugging 

regime would appear during the second stratification phase of the experiment, but as shown in 

Figure 4.1(b), chugging type oscillations were not observed at this flow rate. 

The experiment comprised of five phases listed in Figure 4.1(a). It commenced with a clearing 

phase lasting approximately 200s, where a high steam mass flow was injected to heat up the 

supply line and to push out the water and air inside the sparger. After the clearing phase, thermal 

stratification and mixing phases were alternated by injecting low and high steam mass flows 

respectively. During the stratification phase, the steam mass flow was maintained until the 

desired temperature difference between the top and bottom of the pool water was reached. 

During the mixing phases, the steam mass flow was maintained until complete mixing of the 

pool was observed. 

The instrumentation used during the SPA-T3 experiment comprised of 62 thermocouples 

distributed along 4 vertical trains (L1-L4), 32 thermocouples located in the sparger’s vicinity, 9 

thermocouples located inside the sparger, a vortex flow meter in the steam line, 3 pressure 
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transducers in the steam supply line, inlet plenum and wetwell gas space (see also section 3.3). 

The laboratory atmosphere was additionally monitored by several thermocouples. Moreover, one 

thermocouple was located in the drywell. Unfortunately, PIV could not be used to measure the 

velocity field in the pool. Heat losses to the outside atmosphere were also not measured. 

 

     a)                                                                                       b)  

 

c) 

Figure 4.1: Steam injection conditions in the PPOOLEX SPA-T3 experiment: a) steam mass flow rate, b) steam 

temperatures recorded inside sparger pipe, and c) path of T3 experiment in the condensation regime map of Chan and 

Lee [31]. 

 

The EHS/EMS models for sparger were validated against the first thermal stratification and 

mixing phases of the SPA-T3 experiment with 5000 s of transient. The steam condensation 

regimes during this transient were the oscillatory bubble and an oscillatory cone jet. The choice 

of the SPA-T3 experiment - and particularly its first 5000s – for validation is justified by the fact 

that the mixing phase is expected to occur in the oscillatory cone jet regime. In this regime, 
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oscillations of steam-water interface occur with low amplitude and high frequency. The behavior 

of steam jets during this regime should be similar to stable condensation for which the applied 

model is expected to be valid according to [3] [26] [27]. A stable condensation regime occurs 

above 300 kg/m
2
s and has been depicted in the condensation regime map presented in [3]. 

Starting the validation process with oscillatory cone jet regime will allow us to better determine 

the value of effective momentum provided to the pool as a result of condensation. 

 

Figure 4.2: Video frame from SPA-T3 experiment: a) oscillatory bubble (4900-4925 s),  b) oscillatory cone jet (500-525 s) 

Courtesy of M. Puustinen (LUT, Finland) 

4.2 Model for post-test validation 

4.2.1 Model Improvements 

At the initial stage of post-test validation, the same model as in pre-test was used, only with 

slight modifications accounting for SPA-T3 test conditions. General features of the GOTHIC 

model are contained in Chapter 2, and in Chapter 3, Section 3.2.3. It was observed that this 

model could not predict the vertical temperature profiles obtained in the SPA-T3 experiment, i.e. 

we predicted complete mixing of the pool while the experiment showed a long thermal 

stratification development. These results are not included in this work. Instead, we have 

presented in this section the changes introduced in the model. In the next section, the results 

obtained with the improved model will be presented. 

Complete pool mixing predicted in the simulation was due to an excessive momentum which 

even during the thermal stratification phase induced a strong circulation in the pool, resulting in a 

uniform temperature. Thermal stratification is very sensitive to the value of effective momentum 

provided from condensation and, in order to obtain good agreement in the vertical temperature 

distribution and time scale of mixing, it needs to be determined accurately. Our EHS/EMS model 

used for the pre-test analysis uses Eq. (2.5) to calculate the effective momentum. However, 

during the experiment, it was noted that the two-phase jet expansion is significant and should be 

taken into account in the momentum equation.  Therefore, the equation was redefined with an 
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area of condensed water (  ) different from the area of the injection holes (  ). The pressure 

difference along an z-axis, i.e. pressure of steam at the injection holes (  ) and pressure at the 

outlet of the condensation region (  ), was also taken into consideration [36]. It was further 

assumed that the surface where the two-phase jet expands (  ) is at pressure equal to the 

hydrostatic pressure in the pool at the injection holes level. It was also assumed that    is equal 

to   . Based on these assumptions, the momentum equation (Eq. (4.1)) applied to the steam 

condensation region is further simplified to Eq. (4.2). 

                              Eq. (4.1) 

                    Eq. (4.2) 

 

It was observed in the validation process that the condensate momentum      predicted by Eq. 

(4.2) was over-estimated: During the first stratification phase of the SPA-T3 experiment, 

complete mixing of the pool was obtained in the GOTHIC simulations whereas the experiment 

showed thermal stratification. Since Eq. (4.2) has been observed to provide satisfactory results in 

[26] [27] when applied to stable jet condensation appearing at high steam mass fluxes, this over-

estimation of the momentum can be attributed to the unsteady behavior of the steam/water 

interface in the oscillatory bubble regime induced in the SPA-T3 experiment at lower steam mass 

flux. In the oscillatory bubble regime, bubbles are detached  from the steam jet with a frequency 

of 20-40 Hz. It is assumed that the pressure changes, interfacial forces, sudden collapse of the 

detached bubbles, interactions between neighboring jets, entrainment, etc., can be possible 

reasons for this reduction of the momentum. The exact reasons are not clear yet and investigation 

is ongoing. Assumptions applied in the process of derivation of Eq. (4.2) have to be re-assessed. 

In order to account for the observed effect within current model presented by Eq. (4.2), an 

additional closure term (  ) was included, resulting in a momentum equation expressed by Eq. 

(4.3). The resulting effective momentum           is expressed by Eq. (4.4). 

                        Eq. (4.3) 

                        Eq. (4.4) 

 

The    term depends on the condensation regime. In stable jet condensation regime    appears 

to be close to zero according to [26]. It should be noted that research on the impact of unstable 

condensation on effective momentum is still underway, and a more detailed description of the 

examined phenomena will be contained in [36]. 

For the condensation regimes appearing in the SPA-T3 experiment, different values of    were 

used until the effective momentum computed by Eq. (4.4) resulted in a similar temperature 

profile in GOTHIC as the one measured in the experiment. The    values which lead to a good 
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estimation of the effective momentum are listed in Table 4.1. These values allowed us to 

reproduce the thermal stratification phenomenon in simulations and achieve relatively good 

agreement in vertical temperature distribution, although temperature at the pool surface and at 

the bottom the pool still remained problematic. 

In the SPA-T3 experiment, a sharp thermocline was observed in the bottom part of the pool, but 

the vertical cell size of 100 mm used in GOTHIC could not capture this temperature gradient. To 

improve GOTHIC predictions, it was decided to reduce this cell size to 40mm. 

Further in the model revision, a study was conducted which examined sensitivity to the surface 

wave damping factor. In the pre-test calculations, this value was set with a limit of 100 in order 

to ease the time step restriction for the simulation. Post-test calculations, however, proved this 

approach inaccurate since the water motion near the pool surface was overly restricted. The 

value was then reduced and, based on the conducted sensitivity study, it was found that post-test 

calculations should be performed for the surface wave damping factor of 10, which will help 

obtain more realistic results and still maintain reasonable time step [36]. Having this, we were 

able to better reproduce the process of thermal stratification, as when jet hits the pool surface, 

surface waves are formed and jet’s energy is being dissipated. Furthermore, assuming this value 

allowed us to refine the mesh at the top which resolved the previous issue of large non-physical 

temperature drop that occurred when liquid level surpassed the cell. Higher grid resolution at the 

top made it possible to track the pool surface temperature [36]. 

The GOTHIC model implemented for post-test validation consisted of 19608 cells. The refined 

mesh for pool volume is shown in Figure 4.3. As for the GOTHIC simulation settings for post-

test calculations have been detailed in Table 4.2. Using a i7-3770 quad-core CPU @ 3.40 GHz 

desktop computer, the presented model was able to simulate 5000 s of real-time transient in 

approximately 43h. 

 

Table 4.1: Estimated values of the closure term   .  

Condensation 

Regime 

Steam mass flux at injection holes 

[kg/m2s] 
Closure Term    

 [N] 

Oscillatory bubble 72          

Oscillatory cone jet 162     

…. …. … 

Stable jet >300   
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Table 4.2: GOTHIC simulation settings for the SPA-T3 case. 

 

 

 

 

 

 

 

Figure 4.3: Mesh refinement for the post-test calculations. 

4.2.2 Test-conditions used in post-test validation  

Initial and boundary conditions were adjusted to the SPA-T3 experiment. Heat transfer between 

the lab atmosphere and the pool walls was also modeled since the wetwell had not been 

thermally insulated for the purposes of the experiment. For the side of the pool walls in contact 

with the atmosphere, the heat transfer was computed using lab temperature data measured in the 

experiment (see Figure 4.5.(c)) and assuming a constant heat transfer coefficient of 3 kW/(m
2
s) 

[36]. The data collected from all the thermocouples (i.e. T1279-T1285) were implemented in the 

GOTHIC model in accordance with their corresponding positions. Specific data on the positions, 

for which the measurements were performed during the experiment, are presented in [50].  As 

for the steam injection conditions, they are shown in Figure 4.4. Steam mass flow rate was time-

averaged every 100s. A slightly modified steam mass flow rate is also shown in Figure 4.4(a) 

and the reason for this is explained in the next section. The steam enthalpy used in the simulation 

General Settings 

Turbulence 

Surface Wave damping factor 

 

Numerical scheme settings 

Minimum time step 

Maximum time step 

Solution Method 

Pressure solver 

Pressure convergence limit 

Differencing scheme 

General Settings 
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10 

 

Numerical scheme settings 

1e-7 

0.05 
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Conjugate 

1e-7 

BSOUP 
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is presented in Figure 4.4(b), it was computed based on the temperature measurements T4070-

T4072 located near the inside of the sparger pipe (see Figure 4.1.(b)), assuming that steam was 

injected to the pool close to saturation conditions. The steam temperatures of these 

thermocouples were also time-averaged every 100s. Furthermore, the average value of these 

readings was used for every hole since the holes oriented in the same vertical direction are 

lumped into a single hole. The initial conditions of the pool and gas spaces were set to the values 

presented in Table 4.3. 

 

 

     a)                                                                                       b)  

Figure 4.4 SPA-T3 injection conditions for simulation: a) mass flow rate and b) enthalpy. 

 

Figure 4.5: Temperatures recorded in the lab atmosphere and implemented in GOTHIC. 
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Table 4.3: The test parameters of the SPA-T3 experiment. 

Initial Conditions 

Initial water level in the pool [m] 

Initial pool water temperature [oC] 

Initial gas space temperature [oC] 

Initial pressure in the wetwell [kPa] 

Initial Conditions 

2.9 

19.5 

30, 26 

105.8 

 

4.3 Analysis of post-test results 

4.3.1 Water level and average liquid temperature  

The comparison of experimental and predicted water level has been presented in Figure 4.6. In 

SPA-T3, the initial water level is 2.9m; within 5000s it increases to 3.085m. In spite of the same 

initial level, the liquid level predicted in the simulation increases marginally faster and its final 

value is 3.088m.  

In the SPA-T3 experiment, the steam mass measured by a flow meter in the steam line is injected 

directly into the wetwell. So the uncertainty associated with the amount of steam to be condensed 

in the drywell as in previous blowdown tests was avoided. 

The slight deviations in water level can be attributed to a minimum porosity criterion applied in 

the simulation. In GOTHIC, modeling of different volume boundaries or geometries takes place 

by blocking all, or part, of the cells. Sometimes a situation may occur where blockage and 

computational mesh will leave a very small open volume. If the cell volume is smaller than the 

minimum porosity criterion assumed for the simulation, GOTHIC blocks the entire cell and thus 

reduces the modeled value. This approach eliminates numerical diffusion associated with very 

limited volume of the cells. In our case, however, a small value of 0.05 was set for minimum 

porosity which is considered too small to account for the difference in water level. Furthermore, 

Figure 4.6 indicates that this difference becomes evident during the stratification phase, while for 

the mixing phase water level increases the same as it does in the experiment. The deviation can 

be attributed to the uncertainty in flow meter readings in the PPOOLEX facility as was the case 

in previous PPOOLEX MIX tests [32]. They were observed only during the thermal stratification 

phase, where steam is injected at a low mass flow rate, about 100 g/s. It was estimated that a 

difference in water level between the test and the simulation amounts to approximately 11 kg of 

steam and, therefore, this amount was later evenly distributed and deducted from the steam mass 

flow rate recorded during the thermal stratification phase. The modified steam mass flow rate 

used in the next simulation is shown in Figure 4.4(a). The water level transient obtained in the 

simulation as a result of this modified steam flow rate then agreed excellently with the values 

measured experimentally (see Figure 4.6). 
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Additionally, Figure 4.7 contains the comparison of average liquid temperatures recorded during 

the test and the simulation. The modified steam mass flow rate offers excellent match for the 

average liquid temperature, thus proving that GOTHIC is able to correctly account for heat 

losses to the lab atmosphere.  

 

 

Figure 4.6:  Comparison of water level between SPA-T3 experiment and simulation. 

 

 

Figure 4.7: Comparison of average liquid temperature between SPA-T3 experiment and simulation. 
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4.3.2 Temperature profile in the pool  

In Figure 4.8-Figure 4.10 snapshots of the predicted temperature and velocity fields at different 

times: t=1575s (stratification phase), t=3387s (stratification phase) and t=4761s (mixing phase) 

are presented, and so are the corresponding vertical temperature profiles along L3 train where the 

results of the simulation and the experiment were compared. Additionally, Figure 4.11 depicts a 

3-D flow field.  

As expected, a steam mass flow rate of 120 g/s, corresponding to a steam mass flux of 75 

kg/(m
2
s), resulted in the development of strong thermal stratification in the pool (see Figure 4.8-

Figure 4.9). In this oscillatory bubble regime, the momentum of the turbulent water jet was not 

sufficient to properly mix the pool. In these phases, the circulation flow pattern was controlled 

by the buoyancy of the condensed water. Warm condensed water produces a sort of buoyant 

plume that goes upwards. Further, an asymmetric circulation occurs with a maximum velocity of 

magnitude roughly 0.1 m/s (see also Figure 4.11(a)). Both in the simulation and the experiment, 

a thermocline layer develops in the pool: a sharp temperature gradient separating the mixed and 

the stratified regions. It indicates that almost all steam in the experiment is condensed directly on 

the surface of subcooled water. In the case of our simulation, complete condensation outside of 

the sparger was an assumption in our EHS/EMS model and the entire heat and momentum 

derived from it was provided to the boundaries of the condensation regions. The thermocline 

layer developed during the test, is demonstrated by a steep angle change of the curve depicting 

vertical temperature profile, as seen in Figure 4.8(b) and Figure 4.9.(b). We can also see in the 

figures that the pool temperature profile predicted in the simulation agrees well with the 

experiment results. In both cases, the bottom part of the pool remains cold, and its temperature at 

t = 1575 s was predicted to be 22.5
 o

C in simulation, while the one in the experiment was 

22.2 
o
C. At the top of the pool, temperature in the simulation rose to 31.9 

o
C, while in the 

experiment to 31.7 
o
C. During the test, low steam mass flux is maintained throughout 

approximately 4000 s, and thermal stratification intensifies over time. Temperature in the top 

part rose to 43.2 
o
C at t = 3387 s in the experiment, while in the simulation it was overestimated 

by 1 
o
C. Analyzing the vertical temperature profile during thermal stratification, one can observe 

that the position of the thermocline layer was captured rather well in the simulation. However, as 

temperature gradient increases, temperature profile in the bottom part of the pool is captured less 

well. More specifically, the thermocline layer is slightly broader in the simulation, while in case 

of experiment the temperature change is steeper. These discrepancies can be attributed to grid 

resolution being insufficient to resolve large temperature gradients but it will be addressed in 

future simulations. One can also observe that at the point of steam discharge from the sparger’s 

head holes, around 1.27 m, the temperature recorded in the simulation is 1
o
C higher. (see Figure 

4.9(b)) This may be due to consideration in our simulation that the holes oriented in the same 

direction are lumped together and therefore the heat source from condensation is accumulated in 

a small area.  
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In order to mix the pool, the steam mass flow rate was rapidly increased to approximately 

250 g/s, corresponding to steam mass flux of about 155 kg/m2s. At this stage, condensation 

occurred in the oscillatory cone regime, and enough momentum was generated to mix the pool, 

both in the experiment and the simulation (see Figure 4.10). The magnitude of the maximum 

velocity at this stage was predicted to be about 0.3 m/s. It should be noted that the momentum of 

the turbulent water jet is significant enough to dominate over buoyancy, and therefore downward 

recirculation prevails, as seen from the maximum velocity shown in Figure 4.11(b). Moreover, 

since the momentum of condensed water is significant, the jet discharged from the other side of 

the sparger (i.e. the one further away from the pool’s wall) also goes upward and downward, 

making the internal flow pattern more symmetrical. At this stage, the pool temperature is 

practically uniform and at t=4760 s, it is 50
o
C in the experiment while it is 50.5

o
C in the 

simulation. The simulation did not manage to completely mix the pool, i.e. a very small layer of 

cooler water remained at the bottom of the pool. We were not able to confirm whether this was 

true since none of the thermocouples was placed at that bottom layer in the experiment. In view 

of the simulation results, an extra thermocouple was placed near the bottom in the succeeding 

tests. 

 

 

Figure 4.8: Temperature distribution in the pool at t=1575 s (stratification phase):                                                                             

a) comparison of pool temperature profile along L3 train , b) temperature and velocity field from GOTHIC simulation. 
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Figure 4.9: Temperature distribution in the pool at t=3387s (stratification phase):                                                                             

a) temperature and velocity field from GOTHIC simulation, b) comparison of pool temperature profile along L3 train. 

 

Figure 4.10: Temperature distribution in the pool at t=4761s (mixing phase):                                                                             

a) comparison of pool temperature profile along L3 train , b) temperature and velocity field from GOTHIC simulation. 

 

a)                                                                                       b)  

Figure 4.11: 3D streamlines from the simulations during a) stratification phase and b) mixing phase. 
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Figure 4.12-Figure 4.15 compare the EHS/EMS predictions of bulk water temperature over time 

to experimental data. Each figure illustrates temperatures observed at different elevations along 

the vertical trains of thermocouples L1 - L4. In the corner of each figure there is a top view 

drawing of the PPOOLEX test facility, with red dot marking radial position within the tank 

where the data is being compared. Furthermore, to evaluate accuracy of our model quantitatively, 

the root mean square error (RMSE) was calculated. The RMSE of model prediction is defined by 

Eq. (4.5), where N represents the number of recorded snapshots i.e. how often the data is saved 

during simulation. Due to the relatively long transient, the registered data have been restricted, 

and results are recorded during the simulation approximately every 20s (less for important 

simulation stages, e.g. when rapid change in steam mass flow rate occurs). This still allows us to 

obtain quality graphs and facilitates post-processing. Since the data during the experiment were 

recorded with a much higher frequency, they were interpolated to the time of the simulation in 

order to reduce interpolation error. Then, the corresponding data from the experiment and the 

simulation were used to calculate the RMSE. The average RMSE registered for specific trains of 

thermocouples (L1-L4) derived from all thermocouples data collected during total simulation 

duration has been included in the upper corner of each graph containing the simulation results. 

 

     √
∑                  

  
   

 
 

 

Eq. (4.5) 

 

 

 

 

Figure 4.12: Comparison of experimental data with EHS/EMS results - L1 train of TCs. In the corner, there is a top view 

drawing of the PPOOLEX test facility with red dot marking radial position within the tank where the data is being 

compared  
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Figure 4.13: Comparison of experimental data with EHS/EMS results - L2 train of TCs. 

 

 

Figure 4.14: Comparison of experimental data with EHS/EMS results - L3 train of TCs. 

 

 

Figure 4.15: Comparison of experimental data with EHS/EMS results - L4 train of TCs. 
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Given the results for specific trains of thermocouples, it can be concluded that generally 

predicted global pool temperatures in the simulation agree well with the measured data over 

time. Overall, the build-up of thermal stratification is well-reproduced in the simulation for each 

of the analyzed radial position in the pool. However, considerable discrepancies in the simulation 

occurred in a water layer at 0.77m – 0.87m. As explained earlier, this has been attributed to 

insufficient grid resolution. Further, the results also indicate small differences in temperature in 

the upper part of the pool. This is especially true for L3 train that is located near the wall. The 

differences between minimum and maximum temperature recorded during the experiment in the 

upper-warm part of the pool (i.e. above 0.8m) for L3 train are 3 
o
C. The simulation predicted a 

slightly lower temperature differences in the upper part of the pool, at about 2 
o
C. This could be 

due to the fact that effective momentum in the simulation is slightly higher. As for the trains L1 

or L4, differences in temperature in the upper part are insignificant, which was also true for the 

simulation. In addition, the experiment has shown that the data recorded by thermocouples 

arranged along L1 and L4 are quite similar, which was also predicted in the simulation. The 

redundancy of these trains was expected based on the results of pre-test calculations. The data 

collected from the thermocouples arranged along L2 and L3 are also quite similar with slight 

differences due to the asymmetrical position of the sparger. 

The simulation was able to provide good prediction for development dynamics of thermal 

stratification. The clearing phase ended after 230s, during which the pool was completely mixed 

and relatively strong circulation flow was triggered, which required 250s to stagnate and enable 

the development of thermal stratification in the vicinity of L1, L2 and L4 trains at t=500s. As for 

L3, a visible development of thermal stratification occurred much earlier, i.e. at t=300s, since 

this particular train is located in close proximity to the sparger and the wall, and therefore pool 

dynamics slightly differs. In the simulation, thermal stratification was predicted with good 

accuracy and began at t= 480s (for L1, L2 and L4) and 280s (for L3). 

Furthermore, an important value for the PSP operation is the time scale necessary to achieve 

erosion of thermally stratified layers. For this reason, the predictive capabilities of the proposed 

EHS/EMS model should also be evaluated in this regard. It is known that the time scale of 

mixing depends on temperature differences between the water layers. Layers of different 

temperatures begin mixing at different times after increasing steam mass flow rate. Also, the 

characteristic time scale varies for different layers. In analyzing the results, the time scale of 

mixing will be defined as the time from a sudden increase of steam mass flow rate up until an 

isothermal pool is obtained. The time scale of mixing can be determined from Figure 4.12-Figure 

4.15. As for the experiment, this particular time scale was predicted to be about 500s. The fastest 

to mix was the area around L3 train, the slowest - areas around L1 and L4. The simulation has 

shown the same pattern, but here the predicted time scale of mixing was slightly faster and was 

about 450s. This was most likely due to overestimation of effective momentum provided during 

condensation in the oscillatory cone regime. This is further supported by the fact that mixing for 

all layers starts a little earlier, as well as the occurrence of a rapid temperature drop at the 
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beginning of the mixing phase and significant separation between the temperatures registered in 

the upper and lower part of the pool, particularly evident for L3 train. In the experiment, on the 

other hand, mixing tends to be smoother. This may be due to the provision of excessive 

momentum which makes downward recirculation stronger. This, in turn, causes higher 

turbulence and faster mixing at the bottom of the pool, and faster mixing in general. 

Another important value for plant safety is pool surface temperature. In the case of our 

simulation, we have received relatively good agreement while the average RMSE for pool 

surface temperature was 0.89
0
C.  

 

4.3.2 Near-field temperature 

The local temperature measurements in the vicinity of the sparger obtained from experimental 

data and predicted by EHS/EMS are presented in Figure 4.16. The schematic at the upper left 

corner of the plot shows the TC grid used to measure near-field temperature and indicates the TC 

data that were analyzed. In the simulation, the sparger head holes oriented in the same direction 

are lumped, and the data recorded by their corresponding thermocouples have been averaged (i.e. 

the 4 thermocouples positioned at different heights and spaced at the same distance from the 

sparger). 

 

 

Figure 4.16: Local temperature measurements: a) PPOOLEX SPA-T3 test and b) corresponding EHS/EMS simulation. 

In general, the trends of temperature variation were similar, but the GOTHIC results 

overestimate temperature in the immediate vicinity of the sparger, i.e. for the thermocouples 

placed 50 mm and 100 mm away from the sparger. For further distances, however, the 

temperatures predicted in the simulation are similar to the test results, while the average RMSE 

throughout the period of 5000 s was about 3 
0
C. The difference between the simulation and 

experiment could be attributed to the assumed length of the condensation region in the 

simulation. In the simulation, it assumed that all steam is condensed in the condensation region 

with a length of about 20 mm from the jet exit. In the experiment, however, the detached bubbles 
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might have condensed farther from the jet exit and the length of the condensation region could be 

longer than what is assumed in the simulation. It is estimated that the length of the condensation 

region that should be set in the simulation is about 300 mm in order to get a better match with the 

experiment. 

Furthermore, Figure 4.17 shows the issue of the Cartesian grid used by GOTHIC. This makes the 

jets oriented at an angle with respect to grid lines, diffuse too quickly which, in turn, makes 

temperature and velocity field less uniform, as is the case in experiment. However, these issues 

are not significant, and the EHS/EMS model implemented in GOTHIC is still able to predict 

global pool temperature quite accurately, especially the pool surface temperature and time scale 

for mixing, both considered as important quantities for the operation of BWR pressure 

suppression pools. 

 

Figure 4.17: Temperature with superimposed velocity profile near the vicinity of the sparger head. 
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5 Summary and Conclusions 

Thermal stratification and mixing has direct influence in pressure suppression pool’s capabilities 

and should be accounted for in safety analysis. There are currently no numerical methods that 

could accurately, and in a computationally affordable manner, predict transient mixing induced 

by steam blowdown over a broad range of conditions. This thesis aimed to develop and 

preliminary validate effective models for steam injection through spargers. The steps required to 

meet the objective of the work were: i) to develop and validate models to calculate the source of 

effective heat and momentum derived from condensation process, and ii) to provide analytical 

support to the experimental activity at LUT by designing a sparger and performing pre-test 

calculations.  

The major achievements and conclusions of the following work are summarized as follows: 

(i) Effective Heat Source (EHS) and Effective Momentum Source (EMS) models for 

prediction of thermal stratification and mixing induced by steam injection in a pool 

through spargers were developed. The GOTHIC code was chosen as a computational 

platform due to its combined 3D capability and better computational efficiency in 

comparison with contemporary CFD codes. 

(ii) A scaling methodology was proposed as a way to scale down the sparger for PPOOLEX 

experiments. Due to the fact that thermal mixing induced by steam injection is a multi-

scale process, we analyzed processes at the macro-, meso-, and micro-scales. The 

approach aimed to reproduce physical phenomena and condensation regimes relevant to 

Nordic BWRs in the considered transient situation; both mixing and the development of 

thermal stratification were possible within the current limitations of the PPOOLEX 

facility. 

(iii) Pre-test calculations were performed and became the basis for proposed test procedures, 

operational regimes and suitable locations of thermocouples. The calculations predicted 

the transition to mixing at a steam flow rate of 180 g/s, compared to about 150 g/s in the 

experiment. Despite this, the pre-test calculations still provided valuable information, 

which is the existence of the transition and is much lower than the steam generation 

capacity of the PPOOLEX facility. This information means that both thermal 

stratification and mixing can be attained experimentally. Moreover, the thermocouples 

can capture relatively well the temperature profile in the pool. A set of experiments 

according to a proposed test matrix were successfully conducted by LUT and provided 

valuable data that will be used to further validate and develop the EHS/EMS models. 

(iv) A preliminary validation of the EHS/EMS models for spargers was done against the 

POOLEX SPA-T3 experiment. It was found that the simulation results are very sensitive 

to the momentum provided as an input to the simulation. By providing a properly 

estimated effective momentum, it was possible to obtain good agreement between 
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experimental data and simulation results. Thermal stratification and mixing phases, as 

well as transition between them, were generally well-predicted. Results of the simulation 

predicted the temperature profile in the pool with an average RMSE of 1.25
0
C. The 

largest discrepancies between experimental data and simulation results occurred in the 

thermocline layer This might have been due to insufficient mesh refinement in that 

particular region, which will be accounted for in future simulations. Furthermore, the 

near-field temperature was overpredicted by GOTHIC with an average RMSE of 6.13
 0

C. 

The main reason for this disagreement was attributed to length of condensation region 

assumed in the simulation. Finally, it can be concluded that the EHS/EMS approach 

implemented in GOTHIC code can predict, with acceptable accuracy and high 

computational efficiency, the thermal stratification and mixing induced by steam 

injection into a pool through a sparger.  
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6 Outlook 

In this section, it is emphasized that the proposed EHS/EMS model is still only at an initial stage 

of development. It has been preliminarily validated against the PPOOLEX SPA-T3 test, which 

were recorded throughout the initial period of 5000s. The data related to condensation occurring 

in an oscillatory bubble and the oscillatory cone jet regime. It should be noted that numerous 

regimes have been recognized, as shown by the regime map of Chan and Lee. The effective 

momentum provided as a result of condensation strongly depends on the condensation regime, 

even when steam mass flux is maintained at the same level. The most pressing issue is finding 

analytical expressions that could properly describe the effective momentum. Validation of our 

model in the chugging regime may turn out to be especially difficult since the physics of this 

condensation mode is different and high-amplitude steam-water oscillations may introduce high 

momentum to the pool. Calculation of the amplitude, frequency of oscillations and resulting 

effective momentum in the chugging regime is also challenging but will be addressed in the 

future. Further, experiments with the use of different holes configuration will be conducted, i.e. 

experiments with a different number of rows of holes, whereas the other rows will be blocked. 

This will allow to investigate the interaction occurring between neighboring jets, while using our 

model for these cases will help us observe to what extent this interaction impacts the effective 

momentum value. Moreover, later in the work, integral tests will be performed, where steam is 

discharged both through sparger head holes and LRR holes. The experimental data will give us 

an insight into the behavior of the developed sparger in such situations, while validating the 

model against those tests will confirm whether it can account well enough for the interactions 

between steam discharged from different parts of the sparger. The EHS/EMS model 

implemented in GOTHIC will also address issues encountered when validating the model against 

the SPA-T3 experiment, i.e. grid sensitivity study will be conducted to verify whether it is 

possible to better capture temperature gradient in the bottom part of the pool, where the 

thermocline layer occurs. An attempt will also be made to improve our model in terms of 

predicting near-field temperature. With respect to near-field temperature, we will attempt to 

obtain more uniform temperature in the vicinity of the sparger, and also to increase the steam 

condensation region with the aim of reducing temperature in the immediate vicinity of the 

sparger. There is still lot of work that needs to be done before the complete model can be applied 

to plant analysis. Nevertheless, based on the results obtained from the preliminary validation, it 

appears that further efforts in this direction are justified, since the EHS/EMS models can predict 

well the pool’s surface temperature and time scale for mixing which are both considered 

important quantities for pressure suppression pool operation. 
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