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Abstract 
 
This work pertains to the research program on Containment Thermal-Hydraulics 
at KTH. The objective is to evaluate and improve performance of methods, which 
are used to analyze thermal-hydraulics of steam suppression pools in a BWR 
plant under different abnormal transient and accident conditions. The pressure 
suppression pool was designed to have the capability as a heat sink to cool and 
condense steam released from the core vessel and/or main steam line during 
loss of coolant accident (LOCA) or opening of safety relief valve in normal opera-
tion of BWRs. For the case of small flow rates of steam influx, thermal stratifica-
tion could develop on the part above the blowdown pipe exit and significantly 
impede the pool’s pressure suppression capacity. Once steam flow rate in-
creases significantly, momentum introduced by the steam injection and/or peri-
odic expansion and collapse of large steam bubbles due to direct contact con-
densation can destroy stratified layers and lead to mixing of the pool water. We 
use CFD-like model of the general purpose thermal-hydraulic code GOTHIC for 
addressing the issues of stratification and mixing in the pool. In the previous 
works we have demonstrated that accurate and computationally efficient predic-
tion of the pool thermal-hydraulics in the scenarios with transition between ther-
mal stratification and mixing, presents a computational challenge. The reason is 
that direct contact condensation phenomena, which drive oscillatory motion of the 
water in the blowdown pipes, are difficult to simulate with original GOTHIC mod-
els because of appearance of artificial oscillations due to numerical disturbances. 
To resolve this problem we propose to model the effect of steam injection on the 
mixing and stratification with the Effective Heat Source (EHS) model and the Ef-
fective Momentum Source (EMS) model. We use POOLEX/PPOOLEX experi-
ment (Lappeenranta University of Technology in Finland), in order to (a) quantify 
errors due to GOTHIC’s physical models and numerical schemes, (b) propose 
necessary improvements in GOTHIC sub-grid scale modeling,  and (c) to validate 
proposed models. Results obtained with the EHS model shows that GOTHIC can 
predict development of thermal stratification in the pool if adequate grid resolution 
is provided. An equation for the effective momentum is proposed based on feasi-
bility studies of the EMS model and analysis of the measured data in the test with 
chugging regime of steam injection. An experiment with higher resolution in 
space and time of oscillatory flow inside the blowdown pipe is highly desirable to 
uniquely determine model coefficients. Implementation of EHS/EMS model in 
GOTHIC and their validation against new PPOOLEX experiment is underway. 
 
Key words 
 
BWR pressure suppression pool, thermal stratification, mixing, effective models, 
GOTHIC 
 
NKS-248 
ISBN 978-87-7893-320-1 
Electronic report, June 2011 
 
NKS Secretariat 
P.O. Box 49 
DK - 4000 Roskilde, Denmark 
Phone +45 4677 4045 
Fax +45 4677 4046 
www.nks.org 
e-mail nks@nks.org 



 
 
 

NKS-POOL 
 
 

Research report 
 

Development and Validation of Effective 
Models for Simulation of Stratification and 

Mixing Phenomena in a Pool of Water 
 

 
 
 

Hua Li, Pavel Kudinov, Walter Villanueva 
 
 
 
 

Division of Nuclear Power Safety 
Department of Physics,  

School of Engineering Science 
Royal Institute of Technology (KTH) 

10691 Stockholm, Sweden 
 
 
 
 
 
 
 
 

2011 



KTH, NKS-POOL  May, 2011 
 

 

2 



Development and Validation of Effective Models for Stratification and Mixing Phenomena in a Pool of Water 

3 



KTH, NKS-POOL  May, 2011 
 

 

CONTENTS 
 

NKS-POOL .............................................................................................................................................1 

CONTENTS............................................................................................................................................4 

EXECUTIVE SUMMARY ....................................................................................................................6 

1.  INTRODUCTION AND BACKGROUND.................................................................................8 

1.1.  PROJECT GOALS .....................................................................................................................8 
1.2.  SUMMARY OF RESEARCH ON STRATIFICATION AND MIXING IN WATER POOLS AND 
FORMULATION OF APPROACH ..............................................................................................................8 

2.  EFFECTIVE HEAT SOURCE APPROACH TO SIMULATION OF STRATIFICATION 
DEVELOPMENT.................................................................................................................................17 

2.1.  LUMPED PARAMETER SIMULATION OF POOLEX TEST STB-20 ..........................................17 
2.2.  EFFECTIVE HEAT SOURCE APPROACH TO SIMULATION OF STRATIFICATION DEVELOPMENT 
AT SMALL RATE OF STEAM INJECTION ...............................................................................................22 

3.  EFFECTIVE MOMENTUM APPROACH TO PREDICTION OF MIXING IN A POOL 26 

3.1.  DEVELOPMENT AND IMPLEMENTATION OF EFFECTIVE MOMENTUM APPROACH IN GOTHIC
 26 
3.2.  FEASIBILITY STUDY OF EFFECTIVE MOMENTUM APPROACH IN GOTHIC BY COMPARISON 
WITH STB-21 TEST DATA FROM POOLEX ........................................................................................28 
3.3.  MOMENTUM ESTIMATION BASED ON STB-21 TEST DATA FROM POOLEX .........................32 
3.4.  EQUATION OF EFFECTIVE MOMENTUM FOR CHUGGING REGIME............................................34 

4.  SIMULATION OF PPOOLEX TESTS WITH GOTHIC.......................................................35 

4.1.  SIMULATIONS WITH 2D DISTRIBUTED PARAMETER MODEL .................................................35 
4.2.  2D DISTRIBUTED PARAMETER SIMULATION FOR STR-01 .....................................................37 
4.3.  2D DISTRIBUTED PARAMETER SIMULATION FOR STR-04 .....................................................37 

5.  SUMMARY AND OUTLOOK ..................................................................................................40 

6.  ACKNOWLEDGEMENT..........................................................................................................42 

7.  REFERENCES............................................................................................................................43 

APPENDIX 1 ........................................................................................................................................47 

APPENDIX 2 ........................................................................................................................................53 

 
 

4 



Development and Validation of Effective Models for Stratification and Mixing Phenomena in a Pool of Water 

5 



KTH, NKS-POOL  May, 2011 
 

 
 

Executive Summary 
 
This work pertains to the research program on Containment Thermal-Hydraulics at 
KTH. The objective is to evaluate and improve performance of methods, which are 
used to analyze thermal-hydraulics of steam suppression pools in a BWR plant under 
different abnormal transient and accident conditions. The pressure suppression pool 
was designed to have the capability as a heat sink to cool and condense steam released 
from the core vessel and/or main steam line during loss of coolant accident (LOCA) 
or opening of safety relief valve in normal operation of BWRs. For the case of small 
flow rates of steam influx, thermal stratification could develop on the part above the 
blowdown pipe exit and significantly impede the pool’s pressure suppression capacity. 
Once steam flow rate increases significantly, momentum introduced by the steam 
injection and/or periodic expansion and collapse of large steam bubbles due to direct 
contact condensation can destroy stratified layers and lead to mixing of the pool water. 
We use CFD-like model of the general purpose thermal-hydraulic code GOTHIC for 
addressing the issues of stratification and mixing in the pool. In the previous works 
we have demonstrated that accurate and computationally efficient prediction of the 
pool thermal-hydraulics in the scenarios with transition between thermal stratification 
and mixing, presents a computational challenge. The reason is that direct contact 
condensation phenomena, which drive oscillatory motion of the water in the 
blowdown pipes, are difficult to simulate with original GOTHIC models because of 
appearance of artificial oscillations due to numerical disturbances. To resolve this 
problem we propose to model the effect of steam injection on the mixing and 
stratification with the Effective Heat Source (EHS) model and the Effective 
Momentum Source (EMS) model. We use POOLEX/PPOOLEX experiment 
(Lappeenranta University of Technology in Finland), in order to (a) quantify errors 
due to GOTHIC’s physical models and numerical schemes, (b) propose necessary 
improvements in GOTHIC sub-grid scale modeling,  and (c) to validate proposed 
models. Results obtained with the EHS model shows that GOTHIC can predict 
development of thermal stratification in the pool if adequate grid resolution is 
provided. An equation for the effective momentum is proposed based on feasibility 
studies of the EMS model and analysis of the measured data in the test with chugging 
regime of steam injection. An experiment with higher resolution in space and time of 
oscillatory flow inside the blowdown pipe is highly desirable to uniquely determine 
model coefficients. Implementation of EHS/EMS model in GOTHIC and their 
validation against new PPOOLEX experiment is underway. 
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1. INTRODUCTION AND BACKGROUND 
 

1.1. Project Goals  
 
This work is a first step to implement the NORTHNET Roadmap 3 (Containment 
Thermal Hydraulics) at KTH. It contributes to development of capability and 
sustaining of expertise in area of containment thermal-hydraulics. Objectives of 
current project are: 

(i) to examine the state-of-the-art understanding of multiphase flow 
phenomena that govern pressure suppression pool dynamics; 

(ii) to assess capability of existing tools (codes and models) in predicting 
key behaviors and parameters of suppression pools; 

(iii) to provide an evaluation of, and analytical support for, the related 
experimental program conducted at Lappeenranta University of 
Technology (LUT) on condensation pools, namely POOLEX and 
PPOOLEX experiments. 

 
As specific task, the work aims to validate the GOTHIC code for prediction of 
thermal stratification and mixing in a pressure suppression pool. In the present work 
we focus on validation of GOTHIC against data provided in POOLEX tests STB-20 
and STB-21 [9]. The validation against PPOOLEX experimental data is currently in 
progress. 
 
The goal of validation activity is clarification of deficiencies in the present code 
simulation models for prediction of safety important phenomena: 

(a) development of thermal stratification at low mass flow rate of steam, 
(b) time scale for mixing of stratified pool. 

 
The structure of this report is organized as follows. Goals of the project, review of 
state of the art in experimental and analytical research related to thermal stratification, 
mixing and steam condensation in water pool are presented in Chapter 1. Concept of 
“Effective heat source” (EHS) approach to modeling of stratification at small steam 
flow rate is introduced and validated against POOLEX data in Chapter 2. Concept 
and results of feasibility study for “Effective momentum source” (EMS) approach to 
simulation of mixing in a pool at high steam flow rate are discussed in Chapter 3. 2D 
simulations of selected PPOOLEX experiments by GOTHIC are presented in 
Chapter 4. Chapter 5 discusses summary of the present work and suggests further 
steps on development, implementation and validation of EHS and EMS approaches. 
Detailed description of GOTHIC models used in the analysis and some additional 
results are presented in the appendixes. 
 

1.2. Summary of Research on Stratification and Mixing in Water 
Pools and Formulation of Approach 

 
Thermal stratification in a large water pool is a well known physical phenomenon 
which is responsible for formation of horizontal liquid layers of differing densities at 
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different depths. Stratification is important factor in environmental and biological 
science (stratification in lakes and oceans) it is also widely applied in various kinds of 
sensible heat storage systems [57]. 
 
Configuration of the stratified layers generally depends on location of the heat source 
and history of transient heat transfer in the pool (heating and cooling phases). In the 
present work we consider scenarios of thermal stratification development caused by a 
heat source immersed into the pool at certain depth. Such configuration is motivated 
by the focus of the present work on BWR pressure suppression pool operation. Two 
typical transient stratification configurations presented in Figure 1 are considered. 
Specifically we are interested in (i) the rate of thermal stratification development with 
continuous increase of water temperature in the layer of the pool above the bottom of 
the heat source and constant temperature of cold water Tc below the heat source 
(Figure 1a), and in (ii) formation of the top isothermal layer at temperature Th 
separated from the bottom layer of cold water by relatively thin thermocline layer 
where temperature is changing rapidly from Tc to Th (Figure 1b). 
 

 
                 a)     b) 
 

Figure 1: Typical configurations of thermal stratification in a tank:  
a) developing stratification; b) thermocline layer.  

Th – temperature of hot liquid; Tc – temperature of cold liquid. 
 
Pressure suppression pool is a crucially important part of BWR reactor containment 
safety system. It serves as a heat sink and steam condenser to prevent containment 
pressure buildup during loss of coolant accident or during safety relief valve opening 
in normal operations. Steam flowing out of reactor vessel or out of main steam line is 
vented through blowdown pipes and condenses in the pressure suppression water pool. 
Weak mixing in the pool, in the case of small mass flow rate of steam, may be 
insufficient for prevention development of thermal stratification. As a result, the 
temperature of the pool surface can increase significantly. That will lead to reduction 
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of pool’s pressure suppression capacity. In the post accident long-term cooling 
process, partial steam pressure in the wetwell gas space is defined by the pool surface 
temperature. Increase of the pool surface temperature due to stratification can lead to 
significant increase of containment pressure [14]. If water in the layer above the pipe 
outlet will reach saturation temperature the injected steam will not be condensed in 
this layer. 
 
Breakdown of thermal stratification in the pool can be achieved by mixing. Increased 
steam flow rate or active pool mixing systems can provide sufficient momentum for 
mixing of water in the pool. Mixing of stratified pool takes certain time which 
generally depends on the momentum injected in the pool. The time which is necessary 
to achieve mixing determines how fast suppression pool capacity can be restored. 
Therefore characteristic mixing time scale is considered as important parameter of the 
pool operation. Condensation of steam in the subcooled pool plays an important role 
in determining the resultant momentum of the steam jet and thus affects dynamics and 
characteristic time scales of mixing and thermal stratification development. 
 
Reliable and computationally efficient methods for prediction of mixing and 
stratification phenomena are necessary for safety analysis of the pressure suppression 
pool operations. 
 
State of the art in the suppression pool stratification and mixing research can be 
summarized as follows: 

(i) Numerous experimental studies were performed in the past on 
stratification and mixing in a pool, but only few are full or large scale tests. 
Westinghouse methodology for addressing pool stratification is based on a 
series of blowdown tests performed in the Nordic BWR suppression pools. 
However, not all experimental data is available and suitable for validation 
of codes and models.  

(ii) POOLEX/PPOOLEX [9, 10] is relatively large scale experiment which 
provides most complete set of data necessary for code validation. 

(iii) Lumped-parameter and 1D models based on scaling approaches [12-18] 
were developed and successfully utilized for prediction of a number of 
tests problems. Unfortunately, applicability of these methods is limited to 
stably stratified or well mixed conditions. In addition, time scale of 
stratified layer breakdown transient has not been addressed in these models. 

(iv) Direct application of high-order accurate CFD (RANS, LES, DNS) 
methods are not practical due to excessive computing power needed to 
calculate 3D high-Rayleigh-number natural convection flows [22], and 
direct contact condensation of the steam [47]. 

(v) The need for development in GOTHIC code of effective subgrid models 
and approaches to prediction of thermal stratification development and 
mixing is identified in the present work (see also [19, 20, 21]). Validation 
and feasibility studies of proposed approaches are also discussed in the 
present work [19, 20, 21]. The key elements in the proposed approach are 
concepts of “Effective heat source” (EHS) and “Effective momentum 
source” (EMS) generated by steam injected into a subcooled water pool. 
The effective momentum defines time scale for mixing of initially 
stratified pool. In order to predict effective momentum one has to combine 
knowledge about (a) flow regimes of steam injection into a subcooled pool 
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[45] and (b) models for analysis of heat and momentum transfer caused by 
direct contact condensation [31-44] in each flow regime. New models are 
to be implemented in the codes to enable computationally efficient and 
sufficiently accurate prediction of stratification and mixing phenomena. 

 
A more detailed discussion of previous works is presented below. 
 
Intensive research has been done in the past on suppression pool behavior during the 
blowdown phase of a loss-of-coolant accident (LOCA). The tests were performed at 
the Pressure Suppression Test Facility (PSTF) at different scales [1, 2, 3]. Although 
PSTF experiments were focused on LOCA blowdown conditions characterized by 
violent pool mixing, some tests have shown that a significant stratification can exist in 
the pool at the end of the transient [1, 2, 3]. 
 
Stratification and mixing phenomena in a large water pool with a heat source have 
been studied experimentally and analytically [4-20].  
 
Strong stratification above a heat source submerged in a water pool was observed in 
different tests [4, 5, 6, 7, 8, 9, 10, 11]. Kataoka et al. [5] found that heat transfer into 
layer below the heat and momentum source is limited by thermal conduction. Thus 
stratification limits the available heat sink capacity of the pool. The region below the 
source of momentum and heat remains inactive as a heat sink [4, 5, 6, 7, 8, 9, 10, 11]. 
 
Two most recent experimental efforts on study of thermal stratification and mixing in 
relatively large pools are worth mentioning. Namely, experiments performed in the 
PUMA facility [8] systematically addressed effects of vent opening submergence 
depth, pool initial pressure, steam injection rate, and volume fraction of non-
condensable gases on thermal stratification in suppression pool. Unfortunately, 
information provided in [8] is not sufficient to perform independent validation of 
codes and models against PUMA data. 
 
Another large experimental program that is partially motivated by investigation of 
thermal stratification development and mixing in a relatively large pool [9, 10] 
includes POOLEX (POOL EXperiment) and PPOOLEX (Pressurized POOLEX) 
experiments performed at Lappeenranta University of Technology (LUT, Finland). 
POOLEX/PPOOLEX experimental data generally confirms observations made in a 
smaller scale experiments. Breakdown of stratified layer by steam injection at large 
mass flow rate was also investigated [9]. Decrease of the steam flow rate leads to 
redevelopment of thermal stratification but this time with higher temperature of the 
bottom layer below the blowdown pipe outlet [9]. 
 
The POOLEX facility is open to the lab atmosphere, cylindrical stainless steel tank 
with outer diameter 2.4 m and water pool depth 2.95 m. Three vertical trains of 
thermocouples (with 16 thermocouples in each train) were installed in the tank to 
monitor water temperature during the test. Heating by steam injection through the 
blowdown pipe and cooling (after stop of steam injection) phases were studied in the 
POOLEX tests. During the experiment STB-20 [9] the steam mass flow rate was kept 
in the range of 25-55 g/s to make sure that steam condenses inside the blowdown pipe. 
Strong stratification above the outlet of the blowdown tube was observed in the test.  
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The most important source of uncertainty in the POOLEX experiment is the 
immeasurable heat losses from the vessel walls and from the open pool free surface to 
the atmosphere of the lab. A method of combining experimental data and lumped 
parameter simulations was proposed in [19] for recovery of necessary data for 
providing of boundary conditions and validation of 2D/3D models.  
 
The problem of uncontrolled heat and mass exchange with the lab atmosphere was 
partially solved in the next modification of POOLEX namely in PPOOLEX facility. 
Specifically, volume of the PPOOLEX facility is a leak tight vessel with a drywell 
compartment installed on top of the wetwell compartment. PPOOLEX is a scaled 
model of BWR containment and has possibility to install several blowdown tubes 
which connect the drywell and the wetwell sections [10]. Several tests were 
performed in PPOOLEX facility in 2009. Strong stratification both in liquid and in 
gas space of the wetwell were indicated in the tests STR-01 – 06 [10]. 
 
PPOOLEX is a leak tight vessel, and has no mass exchange with the lab atmosphere. 
However, the vessel outer surface is not insulated and heat flux to the lab is still 
significant and its spatial distribution over the vessel outer surface (necessary for 
2D/3D models boundary conditions) is hardly measurable in the experiment. Present 
work provides some preliminary results for pre- and post-test analysis of the 
PPOOLEX data. 
 
Scaling approaches for prediction of thermal stratification and mixing in pools and in 
large interconnected enclosures were developed and applied by Peterson and co- 
workers at UC Berkeley [12-18]. Experimental study of gas mixing processes and 
heat transfer augmentation by a forced jet in a large cylindrical enclosure with an 
isothermal bottom heating/cooling surface was performed in [15]. Cold/hot air was 
injected at several positions with different pipe diameters and injection orientations, 
and was then removed from the top of the enclosure. Criteria for a jet or plume that 
are not able to disturb the stable vertical stratification were proposed. Developed 
scaling methods for mixing processes under stratified conditions allow one to take 
into account effects of buoyant jets, plumes from heat sources, wall jets and heat 
transfer to structures. Criterion was introduced for prediction of onset of thermal 
stratification breakdown, but time necessary for breaking down of stratification was 
not addressed. A 1D simulation code BMIX/BMIX++ was also developed at UC 
Berkeley to simulate stratification development [16]. It was validated against a 
number of experimental tests [15, 16, 17, 18]. However, BMIX++ is applicable only 
for the stably stratified conditions or well-mixed volumes. Details of transition from 
stratified to mixed conditions and specifically the time scale for such process were not 
addressed. 
 
Gamble et al. [14] studied post-accident long-term containment performance in case 
of passive SBWR containment and found that surface temperature of the pressure 
suppression pool is an important factor in determining the overall long-term 
containment pressure. The mixing by jets from the main vents is identified as the key 
phenomena influencing the thermal response of the suppression pool. Effects of 
clearing and venting of non-condensable gases together with steam over a range of 
flow rates at various submerged depths were considered with respect to the thermal 
stratification and surface temperature in the pool. Analytical models were developed 
and implemented into a system simulation code, TRACG, and used to model thermal 
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stratification behavior in a scaled test facility [14]. The main idea of the proposed 
model is based on analysis of the effect of injected momentum in each computational 
cell. The analytical models were used to model thermal stratification behavior in a 
scaled test facility. And good agreement with scaled experimental test data was 
reported. 
 
Condensation and mixing phenomena during loss of coolant accident in a scaled down 
pressure suppression pool of simplified boiling water reactor were also studied in [11]. 
Results of experiments [11] were compared with the TRACE code predictions and 
showed deficiency in the code capabilities to predict thermal stratification in the pool. 
Specifically uniform temperature distribution was predicted with TRACE while 
experiments performed at the same conditions showed significant stratification [11]. 
 
Experimental investigation of steam condensation and CFD analysis of thermal 
stratification and mixing in subcooled water of In-containment Refueling Water 
Storage Tank (IRWST) of the Advanced Power Reactor 1400 (APR1400) were 
performed by Song et al. [54], Kang and Song [55] and Moon et al. [48]. The IRWST 
is, in fact, a BWR SP technology adopted in a PWR designs to reduce the 
containment failure risk by condensing steam in a subcooled pool. Contemporary 
CFD codes do not have a standard model for direct contact condensation analysis. 
Therefore a lumped volume condensation region model [55] was used to provide 
boundary conditions for temperature and velocity of the condensed steam and the 
entrained water in the CFD simulations. Similar approach to modeling of steam 
injection was initially proposed by Austin and Baisley [56]. A comparison of the 
calculated and experimentally measured temperature profiles [48] shows some 
disagreement in the vicinity of the sparger. The main reason for this disagreement is 
claimed to be caused by the difference in the test and simulating conditions at the tank 
wall. However, away from the sparger, the rate of temperature increase becomes 
similar to that in the experiment [48]. In addition, only stable flow condensation 
regime was addressed [48, 55].  
 
Hydrodynamic flow regimes of steam injection into a subcooled water pool at 
different conditions were studied intensively in the past [45, 49, 51, 52, 53]. Figure 2 
depicts a flow regime map.  
 
Unlike condensation oscillations, chugging [46, 45] can results in large oscillations of 
the steam-liquid interface which can enhance mixing [14]. Apparent influence of 
chugging on mixing in the pool was observed in POOLEX experiment [9]. Steam 
flow rate in the POOLEX STB-20 and STB-21 was kept below certain limit to 
prevent mixing in the pool by steam flow pulsations. 
 
Therefore an important element in development of models for predicting stratification 
and mixing in the BWR pressure suppression pool is how to take into account direct 
contact condensation of steam jet discharged into a subcooled pool. The problem of 
direct contact condensation has been addressed in a number of studies [31-44]. 
Different approaches have been developed to predict the distance required for 
complete condensation of the steam and pressure oscillations. Furthermore, different 
idealized shapes (conical, ellipsoidal and divergent) of the pure steam jet plume in a 
subcooled pool of water were considered based on experimental observations, where 
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the plume shape and length were found to depend on the injection diameter, injection 
orientation and pool subcooling, and steam mass flux. 
 

 
Figure 2: Regime map of steam condensation [45] 

 
Direct application of high-order accurate CFD (RANS, LES, DNS) methods to plant 
scale analysis is usually impractical due to excessive computing power needed to 
calculate 3D high-Rayleigh-number natural convection flows [22], and direct contact 
condensation of the steam [47], especially in long transients and in real geometry of 
the BWR pressure suppression pool [19]. Therefore, a CFD-like model of the general 
purpose thermal-hydraulic code GOTHIC [23, 24] is selected as a computational 
vehicle in the present study. GOTHIC provides a middle-ground approach between a 
lumped parameter and pure CFD models. In each cell of a 3D grid, GOTHIC uses 
lumped parameter type closures and correlations for simulation of heat, mass, and 
momentum transfer at subgrid scales. With such an approach the computational 
efficiency can be dramatically improved in comparison with pure CFD methods due 
to the much less strict demands for necessary grid resolution. For example, there is no 
need in GOTHIC to resolve near wall boundary layers, because heat and mass transfer 
is resolved by subgrid scale models based on boundary layer theories or experimental 
correlations. At the same time, 3D resolution of the flow field in GOTHIC is a big 
advantage for the study of phenomena such as mixing and stratification, and it 
provides much greater flexibility than in 0D and 1D models. 
 
Extensive validation of the GOTHIC has been performed in the past [23] including 
the simulation of Marviken tests, which are unique full scale experiments on the 
venting through a pressure suppression pool in the wetwell [26]. GOTHIC has also 
been validated against experiments performed in large scale PANDA facility on the 
mixing process in the drywells gas space, initially filled with air, during the start of 
steam purging transient [27, 28]. 
 
GOTHIC version 7.0 was used to model five tests that were conducted in the Nuclear 
Power Engineering Corporation facility in Japan [29]. The tests involved steam and 
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helium injection into a scaled model of a pressurized water reactor dry containment. 
The focus of simulation is on gas and steam temperatures and concentrations 
distribution in the containment. 
 
GOTHIC 3.4 was used to evaluate performance of passively cooled containment of 
integrated pressurized water reactor [30]. The focus was on development of thermal 
and concentration stratification in the gas space of the containment. Two experiments 
were carried out; one to test the performance of the external moat, and one to verify 
the code’s ability to predict thermal-stratification inside the containment. 
 
We did not find in the open literature any validation of GOTHIC against the problem 
of thermal stratification and mixing in case of steam injection into a large water pool. 
 
In [19, 20] and in the present work the GOTHIC CFD-like option is used to simulate 
POOLEX [9] and PPOOLEX [10] experiments to validate GOTHIC’s physical and 
numerical models, and to identify need for improvement of the models. One of the 
main reasons for selection of POOLEX/PPOOLEX data for the code validation is the 
detailed description of experimental conditions and results provided in the research 
reports [9, 10]. 
 
The objective of the present work is to propose a method for reasonably-accurate and 
computationally affordable simulations of thermal stratification and mixing transients 
in BWR suppression pools. 
 
As it has been discussed above, direct contact condensation (DCC) phenomena 
including different oscillatory flow regimes of steam injection into a subcooled pool 
are important for development of stratification or mixing in the pool. 
 
Following the ideas proposed by Austin and Baisley [56] and developed by Kang and 
Song [55], we propose (see also [19, 20]) instead of “direct” CFD-type simulations of 
DCC phenomena based on first principles to use subgrid models in GOTHIC to 
predict DCC effect on development of thermal stratification and mixing.  
 
We realize that steam injection affects stratification and mixing by two main 
mechanisms: 

I) Localized heat source in the pool due to steam condensation. 
II) Localized momentum source induced by steam injection (by motion of steam 

water interface and by buoyancy plum of steam bubbles escaping the 
blowdown pipe). 

 
Thus to resolve the effect of steam condensation on mixing and stratification in the 
pool one has to provide models for the heat source and for the momentum source 
induced by steam injection. Fortunately characteristic time and space scales of DCC 
phenomena are much smaller than characteristic time and space scales of 
development of thermal stratification and global circulation and mixing in the pool. 
Such scale separation suggests that computationally affordable “effective” models for 
assessment of the “net effects” of steam injection do not need to resolve details of 
DCC phenomena. We call such models “Effective Heat Source” (EHS) and “Effective 
Momentum Source” (EMS) approaches to emphasize that these models are dealing 
with the effect of steam condensation on stratification and mixing. 
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Figure 3 shows the assumed configuration of the phases for a lumped parameter 
volume in GOTHIC. In the pool/drop regime, all the liquid is assumed to be in the 
form of a pool at the bottom of the volume. Drops entering the volume through 
connecting junctions are assumed to settle towards the bottom of the cell at their 
terminal velocity. Bubbles of vapor that enter the volume below the pool surface will 
rise through the pool at the bubble terminal velocity. This conceptual picture is used 
to calculate interfacial heat transfer and drop deposition rates for lumped parameter 
volumes [25].  
 
Direct contact condensation phenomena occurring in the vicinity of blowdown pipe 
outlet when steam is injected into a pool are not resolved in GOTHIC. On the other 
hand, these phenomena are driving mechanisms for the flow regimes [45, 49, 51, 52, 
53]. Therefore, to predict effective momentum, one has to combine knowledge about 
(a) flow regimes of steam injection into a subcooled pool [45] and (b) models for 
analysis of heat and momentum transfer caused by direct contact condensation [31-44] 
in each flow regime. New models are to be implemented in the codes to enable 
computationally efficient and sufficiently accurate prediction of stratification and 
mixing phenomena. 
 

 
Figure 3: Phase Configuration for Lumped Parameter Volumes [25] 

 
 
In the present work we focus on discussion of development and validation of the EHS 
model. Feasibility study for the EMS model also provides encouraging preliminary 
results.  
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2. EFFECTIVE HEAT SOURCE APPROACH TO 
SIMULATION OF STRATIFICATION 
DEVELOPMENT 

 
In this chapter we discuss “effective heat source” approach to simulation of thermal 
stratification development in a subcooled water pool under low steam flow rate 
conditions.  
 
In Section 2.1 inherent uncertainties are discussed in the POOLEX experimental data 
used for code validation. We use a GOTHIC lumped parameter model to determine 
boundary conditions for the 2D/3D models.  
 
The effective heat source (EHS) model is proposed and the validation of GOTHIC 
with the EHS model is presented in Section 2.2. The vapor space and mass influx of 
hot condensate from the blowdown pipe are taken into account in the simulation. 
Reasonable agreement between simulation results and experimental data on thermal 
stratification development in POOLEX STB-20 is reported. High computational 
efficiency is also achieved with effective heat source approach mainly because of no 
severe limitations on computational time step. 
 

2.1. Lumped Parameter Simulation of POOLEX Test STB-20 
 
POOLEX facility has an open tank and heat losses from the tank to ambient 
atmosphere are not directly measured in the POOLEX experiments. Thus, a lumped 
parameter model in GOTHIC is used to calculate the missing experimental data on 
heat fluxes through the vessel walls and on the pool free surface. Then we use these 
data as unsteady boundary conditions for the distributed parameter model (also in 
GOTHIC) in the simulations of thermal stratification. 
 

 
a) 
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b) 

 
c) 
 

Figure 4: POOLEX STB-20 [9]: a) steam injection conditions, b) history of vertical 
temperature distribution in heating phase and in c) cooling phase 

 
Conditions and main results of the POOLEX STB-20 test [9] are presented in (Figure 
4). The total duration of the STB-20 experiment was approximately 52 hours. The 
initial pool water temperature was 30 °C. During the first four hours, the pool water 
was heated with steam flow. The initial steam mass flow rate of 55 g/s was slowly 
reduced to 25 g/s as the experiment progressed to make sure that steam condenses 
inside the blowdown pipe and that the steam-water interface remains close to the 
blowdown pipe outlet [9]. Steam blowdown was terminated when the water maximum 
temperature in the upper part of the pool was 67 °C. After the heating phase, the pool 
water was cooled down for the next 48 hours [9]. 
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Figure 5: GOTHIC lumped parameter input model 
 

 
Figure 6: POOLEX tank geometry representation in GOTHIC model  

 
The lumped parameter model developed for simulation of POOLEX experiment is 
shown in Figure 5. First, the steam source is represented by the flow boundary 
condition (marked 1F). The experimental data, i.e., steam temperature, pressure, and 
flow rate [9] is used as time dependent flow boundary condition for 1F. Next, the 
atmosphere is modeled by a pressure boundary condition (2P) with constant pressure 
(1 bar) and temperature (20°C). The blowdown pipe, water pool, and the lab, are 
represented by volumes 1, 2s, and 3, respectively. The heat transfer between the 
blowdown pipe and the vapor phase is simulated by thermal conductor 1 while the 
heat transfer between the blowdown pipe and the liquid phase is simulated by thermal 
conductor 2. Similarly, the heat transfer between the vessel walls and the lab 
atmosphere are represented by thermal conductors 3, 4 and 5. The vapor part of the 
vessel sidewall is represented by conductors 3 while the liquid part is represented by 
conductor 4. Lastly, the bottom wall of the vessel is represented by conductor 5. The 
heat transfer coefficients for all heat conductors are calculated by default GOTHIC 
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models for natural convection on vertical (conductors 1, 2, 3, 4) and horizontal 
(conductor 5) surfaces [23]. 
 
A blockage is used to represent the geometry of the pool in GOTHIC [24]. An 
example of the tank geometry representation, obtained by partial blockage in 
GOTHIC rectangular cell is shown in Figure 6. Again, similar blockage is used to 
represent vessel geometry in distributed parameter model (see next section). 
 
The POOLEX facility lab has a ventilation system but is not modeled in the present 
work because the parameters of this system are uncertain. Instead, an effect of 
ventilation system is introduced by a large (107 m3) volume of the lab. The 
temperature of the lab atmosphere in the experiment and in the calculations is about 
24°C. In addition, the natural circulation above the pool surface is taken into account 
(according to the recommendations of GOTHIC manual [24]) by two parallel flow 
paths (marked 3 and 5 in Figure 5). Intensity of natural circulation in such model 
depends on (i) the difference between the vertical positions of the parallel flow paths’ 
outlets, and on (ii) the loss coefficients assumed for the flow paths [24]. The 
elevations of the flow paths’ outlets and loss coefficients in the flow paths (see 
Appendix 1, Table A1-1) are adjusted to match the experimental data for the average 
temperature in the pool measured in the STB-20 test. 
 
In the STB-20 experiment, steam injection was initiated at 400 s since the start of the 
data recording by the data acquisition system. This was done in order to provide 
measurements of initial conditions in the pool. In GOTHIC calculations we are not 
considering the first 400 s without steam injection. The simulation is started directly 
at the moment when steam injection starts in experiment, which means that heating 
(steam injection) phase lasts for 14 600 s. The whole transient physical time is 
187 600 s (~52 hours). 
 
Comparison of experimental and simulation results for averaged pool water 
temperature are shown in Figure 7a. Good agreement between experimental and 
simulation data for both heating and cooling phases of the STB-20 test are obtained.  
 
As mentioned previously, the main goal of the lumped parameter model calculations 
is to obtain proper boundary conditions for the distributed parameter model 
simulation. In Figure 7b we show the heat losses from the tank to the lab through the 
side and bottom walls of the tank. It can be observed that the heat loss through the 
bottom wall of the tank is much smaller than that through the side walls. 
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      a)                                                                b) 
Figure 7: Lumped parameter model results:  

a) averaged water temperature in the tank; b) heat fluxes to the vessel walls 
 
The CPU time for calculation of STB-20 whole transient, including heating and 
cooling phases (187 600 s of physical time), with lumped parameter model is about 
250 seconds on a PC Pentium IV with 2.8 GHz processor. 
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2.2. Effective Heat Source Approach to Simulation of Stratification 
Development at Small Rate of Steam Injection 

 
We consider two characteristic regimes of steam injection into a water pool (Figure 8). 
The first regime (Figure 8a) is characterized by a considerable amount of a non-
condensed steam (or non-condensable gases) that flows out of the blowdown pipe. 
The second (Figure 8b) is normally a result of relatively small flow rate of pure steam 
when all steam is condensed inside the blowdown pipe and only a hot condensate with 
low momentum flows out of the pipe. 
 
In the first regime (Figure 8a) steam/gases flowing out of the pipe can create 
considerable momentum which may cause significant mixing and breakdown of 
stratification in the pool. This is addressed in detail in Chapter 3. 
 
In the second regime (Figure 8b) steam injection provides negligible source of 
momentum which does not induce significant mixing in the pool while it provides 
considerable heat source for development of thermal stratification in the pool. 
 
This regime is experimentally investigated in POOLEX test STB-20 [9] (Figure 4). 
Steam flow rate is controlled and the position of the water free surface is kept close to 
the outlet and inside the blowdown pipe [9]. As a result strong thermal stratification 
has developed during the heating phase of the experiment [9] (Figure 4). 
 

                     
a) large flow rate of steam                           b) small flow rate of steam 

 
Figure 8: Two regimes of steam injection into a subcooled water pool. 

 
 
As it is shown in the previous section, modeling of direct steam injection with 
GOTHIC in this regime gives inadequate results, that is, mixing is predicted instead 
of stratification development.  
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It is important to mention also that a small computational time step (and thus large 
computational costs) is required for simulation of steam injection with oscillations of 
condensation-evaporation inside the blowdown pipe.  
 
In order to solve the problem of adequate and robust prediction of thermal 
stratification development we propose an “effective heat source” approach. In 
accordance with the experimental observations from POOLEX STB-20, we assume 
that hot water coming out of pipe has same flow rate to steam flow rate in the 
experiment. An effective heat source is assumed to be uniformly distributed along the 
surface of the pipe wall. The heat source is used to model thermal effect of steam 
injection (equivalent to the enthalpy of the steam flowing into the blowdown pipe). 
This heat source is considered to be the main cause of thermal stratification 
development. 
 
GOTHIC modeling and grid configuration with a gas space is shown in Figure 9. The 
flow boundary condition was imposed to provide injection of condensed water into 
the pool. Heat conduction through the blowdown pipe wall and through the tank walls 
is modeled with the GOTHIC models for thermal conductors. In addition, a large size 
lumped volume that is connected to a pressure boundary conditions simulates the lab 
atmosphere. Finally, a 3D connector is used to model flow and heat transfer between 
the lab and the pool in the open tank. The water pool geometry is modeled as 2D 
axisymmetric. The coarsest grid used in the analysis has 29 cells in the vertical 
direction for the liquid part, 1 cell for the liquid-gas interface, 4 cells for the gas space, 
and 12 cells in the horizontal direction. The mesh cell size in the liquid part is 
0.1m×0.1m, 0.5m×0.1m for the cell with interface, and 0.4m×0.1m in the gas space of 
the tank (Figure 9b).  
 
 

             
               

              a)                                                          b) 
Figure 9: GOTHIC simulations: a) modeling with water injection; b) mesh with liquid 

and gas space 
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Figure 10: Comparison of GOTHIC simulation and experimental data 

 
Figure 10 shows the comparison of GOTHIC simulation to the experimental data. 
Temperature of the top layer during the first 4000 seconds is in good agreement with 
experimental data. However, after 4000 seconds the temperature levels in the part 
above the pipe outlet are under-predicted, while the temperature levels are over-
predicted for the part below the pipe. This is attributed to the insufficient (12×30) grid 
resolution used in GOTHIC simulation. 
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3. EFFECTIVE MOMENTUM APPROACH TO 
PREDICTION OF MIXING IN A POOL 

 
The important parameter for operation of the pressure suppression pool is time scale 
for mixing of stratified layers. This time scale defines how fast condensation capacity 
of the pressure suppression pool can be restored. In this chapter we discuss “effective 
momentum source” approach to simulation of mixing of initially stratified water pool. 
Importance of both direction and magnitude of effective momentum for mixing 
patterns in the pool is identified. It is demonstrated that it is possible to predict time 
scales for mixing in different layers of the pool if direction and magnitude of effective 
momentum are properly selected. 
 
 

3.1. Development and Implementation of Effective Momentum 
Approach in GOTHIC 

 
In the present chapter we use the GOTHIC code for prediction of 2D mixing 
phenomena in a pool, and we use concept of effective momentum in order to take into 
account influence of gas injection into the pool. For validation of the simulation 
approach we use data on mixing of initially stratified pool in the POOLEX 
experiment STB-21 [9]. Figure 11 shows steam flow rate and temperature history 
measured in the test STB-21 of POOLEX experiment at different elevation in the pool. 
The experiment has five phases for different phenomenon. In phase A, mixing was 
observed before 1800 s (line 0 in Figure 11). At 1800 s of phase B, thermal 
stratification began to develop in the layer above the pipe outlet. In phase C at 3250 s 
(line 1 in Figure 11), the temperature of the layer below pipe was stabilized at a 
constant value. The second mixing phase caused by chugging started at about 4200 s 
(line 2 in Figure 11) in phase D when injected steam flow rate was rapidly increased. 
The complete mixing was obtained in phase E at about 4900 s (line 3 in Figure 11) 
when the topmost layer of the pool reached the same temperature as the other layers. 
This is the time that steam flow rate reaches 210 g/s. The mixing time scale is 
considered to be 700 s long, that is, from 4200 s to 4900 s. 
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a)                                                                b) 
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Figure 11: a) Injected steam flow rate; b) Temporal history of vertical temperature 
distribution in STB-21 [9] (Phase A: First mixing. Phase B: Onset of stratification. 

Phase C: Stratification. Phase D: Onset of second mixing. Phase E: second well 
mixing.) 

 
The calculation of effective momentum for the case of steam venting through a 
vertical tube into a subcooled water pool is still considered an unsolved problem. The 
direction of effective momentum due to steam injection can change rapidly from 
downward to upward. Large scale motion of steam-water surface and buoyancy 
effects in small bubbles may counteract. Depending on steam mass flow rate and pool 
subcooling the steam injection can be in different unsteady oscillatory regimes [45]. It 
is impossible at the moment to simulate directly such kind of oscillatory regimes in 
GOTHIC due to lack of appropriate models and closures. Also effect of small bubbles 
generation and collapse on effective momentum has to be investigated. 
 
In the present work we use parametric simulations study with GOTHIC code and 
comparison with POOLEX STB-21 experimental data to investigate: how magnitude 
and direction of effective momentum can affect time scale for the pool mixing. 
 

Pressure boundary

Lab

Conductor

Pump

Water pool

 
Figure 12: GOTHIC code model used for simulations with effective momentum 

simulated by pump 
 
Figure 12 depicts the open tank of the POOLEX facility and positions of 
thermocouples as well as the model used for GOTHIC simulation. The pool with both 
vapor and liquid space is modeled as distributed parameter volume 2s with 2D 
axisymmetric system. The lab (volume 1) is represented with lumped parameter 
model. The approach to modeling of mixing phenomenon is the same as in the 
modeling of STB-20 of POOLEX. That is, heat source is used instead of modeling of 
direct steam injection. Heat rate calculated in STB-20 is used in the modeling in order 
to develop thermal stratification in the pool. To provide effective momentum induced 
by the steam injection, four pumps (1P~4P) have been added on the flow path 2-5, 
which connects two adjacent computational cells close to the outlet of the blowdown 
pipe.  
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3.2. Feasibility Study of Effective Momentum Approach in GOTHIC 
by Comparison with STB-21 Test Data from POOLEX 
 

The second mixing phase of the stratified layers in the experiment is of special 
interest because it provides specific experimental data needed for code validation. 
From 3250 s, steam flow rate is small and all of the steam is condensed inside the pipe 
according to the experimental observations. In the EHS model, we assume that all 
latent heat of steam condensation is distributed uniformly along the pipe wall and 
transferred to the pool. From the experimental data it can be seen that at 3250 s the 
temperature at the bottom of the tank is about 34.5 ℃ and the temperature at the top is 

about 40 ℃. These experimental values of the temperatures measured at different 
elevations are imposed as initial conditions in GOTHIC simulations. The heat rate 
through the pipe wall is calculated according to injected steam flow rate and enthalpy 
as shown in Figure 13. 
 

 
Figure 13: Heat rate through the pipe wall in GOTHIC calculation 

 
Figure 14 shows results of GOTHIC simulation for the first 950 s and comparison 
with experimental data from 3250 s to 4200 s of phase C. Since injected steam flow 
rate is low and induced momentum is not sufficient to break the stratified layers, the 
thermal stratification continues to develop during this period. Figure 14a) shows 
temperature history in the part below the pipe exit. It can be seen that the GOTHIC 
simulation can predict well the temperature in this part which is relatively flat close to 
the level of 35 ℃. Figure 14b) shows temperature change in the part above the pipe 
exit where stratification is formed at the beginning. The GOTHIC simulation still can 
predict temperature well for most of the horizontal layers. There is about 1 ℃ 
difference between the experimental and simulation data for the layer at T108. There 
are several possible reasons for the under-prediction of the temperature. One reason is 
that global circulation present in the experiment is ignored in the simulation and pool 
is assumed to be at zero velocity as initial conditions. In the experiment, the thermal 
stratification actually started from 1800 s and the global circulation flow has already 
formed at that time. This global circulation will affect both thermal stratification 
development and mixing process. In GOTHIC simulation, it is impossible to model 
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this kind of global circulation as initial conditions. This is also one reason to start the 
simulation from 3250 s, and not from 4200 s, which is the start of the mixing process. 
It is assumed that this global circulation can be formed after 950 s in the simulation. 

 

C 

C 

a)                                                            b) 
Figure 14: Temperature distribution in GOTHIC calculation with grid of 48×114 and 
compare to data in experiment from 3250s to 4200s. a) Part below pipe; b) part above 

pipe exit 
 

Figure 15a) shows temperature changes in one of the GOTHIC simulations for phase 
D with downward direction of the pump. In comparison to the experimental data in 
Figure 15b), temperature change in the simulation has the same trend as in the 
experiment. The only difference is that mixing time for the top layer in the simulation 
is shorter than that observed in the experiment. In the previous work we found that it 
is possible in principle to reproduce correctly mixing time scale if appropriate 
momentum rate of the pump is defined. 

 

D D 

a)                                                              b) 
Figure 15: Mixing process a) in the GOTHIC simulation with downward pump of 

0.0777 m3/s with 48×114; b) in experiment. 
 

The temperature distribution and the streamline in the water part of the tank at about 
1260 seconds in one case are shown in Figure 16. The pump volumetric flow rate in 
the simulation is 0.09 m3/s. It can be seen from temperature distribution that the 
complete mixing is not achieved yet by that time and the top layer still has high 
temperature. The streamline showed that two global circulations exist in the water 
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tank. The counter-clockwise circulation at low part is caused by pump and it results in 
mixing. The clockwise circulation at the upper part is due to buoyancy plume which 
drives the thermal stratification development. Since the momentum imposed by pump 
is bigger than that driven by plume, the mixing is propagated from bottom to top.     

 
Figure 16: Temperature distribution and streamline in the water part of tank at about 

1260 seconds in the simulation with pump volumetric speed of 0.09 m3/s. 
 
To provide quantitative comparison between experimental and simulation data on the 
effective momentum source we introduce two time scales of mixing in the layers 
below and above the pipe outlet respectively. In the mixing time scales predicted by 
GOTHIC for upper and lower layers of the pool are presented as a function of the 
momentum rate provided by the pump. Experimentally observed in the STB-21 test 
(two horizontal lines) time scales are also shown in the figures for comparison. As can 
be seen in Figure 17, the mixing time scale increases exponentially if the pump 
momentum rate is smaller than some threshold value. If downward direction of the 
effective momentum is used then time scale for mixing of the bottom layers is smaller 
than that for the upper layers. Analysis of the results suggests that the best agreement 
with the experimental data for the mixing time scales can be achieved in case of the 
downward direction of effective momentum rate about 89.379 kg-m/s2 and with grid 
resolution of 48×114. In this case both time scales of mixing in the top and bottom 
layers can be reproduced in the GOTHIC simulation simultaneously. The density of 
water is 993.148 kg/m3, since the water through the pump is under pool temperature 
with 35 ℃ to 40 ℃.  
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Figure 17: Momentum rate vs. mixing time scale. The momentum rate on the red line 
is about 89.379 kg-m/s2. 
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3.3. Momentum estimation based on STB-21 Test Data from 
POOLEX 

 
From observations of the STB-21 experiment, a chugging regime has been obtained 
when steam flow rate increased to about 210 g/s. Chugging regime has relatively low 
frequency and high amplitude of pressure and flow rate oscillations. High amplitude 
flow oscillations in chugging regime can cause significant source of momentum 
which, in general, can be bigger than momentum estimated for a time averaged flow 
rate. Velocity of water inside the blowdown pipe can be, in principle, estimated based 
on temperature variations inside the pipe. 
 

 

∆t 

a)                                                                     b) 
Figure 18: Temperature inside the pipe in STB-21 test when a) steam flow rate starts 

to increase; b) steam flow rate reaches highest value of 210 g/s. 
 

In the chugging regime, steam bubbles are collapsed around the pipe outlet. There is 
no bubble plum injected into the pool above the pipe outlet. Oscillations of pressure in 
the pipe occur due to periodic steam injection, overexpansion and bubble collapse. 
Water level is moving quasi-periodically inside the pipe. In this case, all steam can be 
assumed to be condensed inside the pipe and thus latent heat is mostly transferred 
through the pipe wall.  
 

For STB-21, the chugging phenomenon is complicated since the injected steam flow 
rate is increased step by step. However, the frequency of chugging oscillations can be 
estimated based on the temperatures monitored inside the pipe at different levels. The 
amplitude of water velocity through the pipe for both upward and downward 
directions can also be calculated according to the variation of temperature of 
thermocouples located at different elevation, as shown in Figure 18. Basically, the 
water velocity through the pipe can be estimated simply by,   

t
lvi Δ

Δ
=   (1) 

where: 

lΔ : distance between two thermocouples, m; 
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tΔ : time interval when thermocouples have same value for monitored temperature 
in one cycle, s. 

Once the water velocity through the pipe is calculated, the momentum rate induced by 
the motion of water can be estimated by, 

AvM ili
2ρ=  (2) 

where: 

lρ : water density, kg/m3. 

iv : water velocity out of and into the pipe, i  indicates downward/upward, m/s, 
and 

A : flow area through by water, here we assume it is cross section area of pipe, m2. 

 

 
a)                                                                          b) 

Figure 19: Calculated water velocity through the pipe in STB-21 test: a) steam flow 
rate increases from 60 g/s; b) steam flow rate reaches highest value of 210 g/s. 

 
Figure 19 shows the water velocity calculated according to the temperatures measured 
in the middle and at the top of the pipe. Since there are only three thermocouples in 
the pipe with 900 mm distance each, experimental temperature measurements are not 
enough for accurate calculations of the water velocity. However, maximum water 
velocity in the upward and downward directions still can be estimated. Figure 19a) 
shows calculated velocity between 4540 s and 4600 s when injected steam flow rate is 
about 0.06 kg/s. Figure 19b) shows calculated velocity from 4860 s to 4900 s when 
injected steam flow rate is about 0.21 kg/s.  
 
We estimate that the averaged water velocity in water injection phase is about 1 m/s 
and cycle time period is about 4 s. The averaged water velocity in water suction phase 
is about 2.5 m/s and cycle time is about 2 s. The cross-section area of submerged pipe 
in POOLEX experiment is 0.036 m2. The water coming out from the pipe outlet is 
saturated condensate with a density of about 958.6 kg/m3. Therefore, the averaged 
downward momentum rate introduced by steam injection in chugging regime is about 
34.51 kg-m/s2 and the averaged upward momentum rate is about 215.69 kg-m/s2. 
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3.4. Equation of effective momentum for chugging regime 
 

Given a chugging regime where steam is injected into a stratified water pool, we 
propose that the relation between downward/upward induced momentum and 
effective momentum causing mixing can be expressed by the following equation, 

( ) ( )[ ]∫
Δ

+
Δ

=
T

upupdowndowneff dttMtM
T

M
0

1 rrr
αα                      (1) 

downup αα ,  are coefficients that have to be determined from experimental data. 
According to the estimates the average cycle period for chugging in STB-21 is about 
6 s, in which 4 s for water injection phase with downward momentum and 2s for 
water suction phase with upward momentum. Since downward momentum and 
upward momentum are estimated from experimental data and effective momentum is 
obtained from GOTHIC simulation, the above equation can be expressed as, 

[ ]upupdowndowneff MMM
rrr

αα 24
6
1

+=                             (4) 

9.31.3 += updown αα                                              (5) 
This is a preliminary estimate based on the available poorly resolved, in space and 
time, data about water level oscillations inside the pipe. More accurate experimental 
data is necessary to quantify downup αα , . However, it is clear that the weighting 
coefficient for downward component of the momentum in the blowdown phase is 
higher than that for the upward direction of the momentum in the suction phase. A 
physical explanation for such difference between downup αα ,  can be explained by the 
entrainment of liquid in the downward motion during the blowdown phase which is 
more efficient in creating the large scale circulation in the pool than a point sink-type 
flow during the suction phase. 
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4. SIMULATION OF PPOOLEX TESTS WITH GOTHIC 
 
This chapter describes 2D distributed parameters simulations for PPOOLEX 
experiment performed as a part of analytical support to the experimental activity at 
LUT.  
 
Previous lumped parameter simulation shows reasonable agreement with 
experimental data on pressure and average liquid temperature both in drywell and 
wetwell. Uncertainty in the experimental data measurements has to be taken into 
account. Correction of input data (within the ranges of experimental measurement 
error) for the steam inlet pressure to be at saturation conditions can significantly 
improve qualitative agreement between experimental and simulation data. In the 
present chapter, 2D distributed parameter simulation against STR-01 and STR-04 of 
PPOOLEX will be discussed. 
 

4.1. Simulations with 2D distributed Parameter Model 
 
The GOTHIC input for PPOOLEX experiment is shown in Figure 20. Drywell is 
represented by volume 1s. Volume 3 and volume 4 are representing blowdown pipe 
and the lab correspondingly. The large volume of 107m3 for lab is used. A blockage 
has also been used to model the real geometry of the drywell and wetwell (Figure 21 
and Figure 22). 
 
The table in Appendix 2 includes all parameters used in PPOOLEX calculations. 
 
Six heat conductors are used in the input model of PPOOLEX. Conductors 1 and 2 are 
used for heat transfer from drywell to the lab through the ceiling and side wall, 
respectively. Conductor 3 simulates the heat transfer between the drywell and wetwell 
and Conductor 4 models the heat transfer from blowdown pipe to wetwell. 
Conductors 5 and 6 are used for heat transfer from wetwell to lab through the side 
wall and bottom, respectively.  
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Figure 20: Schematic of PPOOLEX input in GOTHIC 
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Heat conductors

Drywell Top 

Figure 21: Representation of PPOOLEX drywell geometry in lumped model of 
GOTHIC 

(Detailed information for heat conductors is in Appendix 2) 

  
Figure 22: Grid for wetwell of PPOOLEX 

 
Two boundaries are used in the simulation for PPOOLEX experiment. Boundary 1 is 
connected to the drywell to supply the steam to inject into the drywell. Pressure 
boundary 2 is connected to the lab to keep the lab with atmospheric pressure. 
 
The results and initial conditions of the thermal stratification experiment with the 
PPOOLEX test facility has been presented in the NKS report [10]. Six experiments 
have been carried out and heat-up periods of several thousand seconds by steam 
injection into the drywell compartment and into the wetwell water pool are measured. 
Some tests have shown thermal stratification in the wetwell. In the present work, we 
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use experimental data from STR-01 and STR-04 tests to provide initial and boundary 
conditions. Flow boundary is used for modeling of steam supply.  
 

4.2. 2D distributed parameter simulation for STR-01 
 
STR-01 is a test with only cooling phase. There is no steam injection from inlet 
plenum in drywell of PPOOLEX facility. In this case, the steam mass flow rate of 
boundary is set to 0. 
 
Figure 23 compares calculated liquid temperature and measured liquid temperature. 
The simulation is terminated at about 75,000 s due to numerical disconvergence. A 
low temperature is observed in the experiment at the semi-spherical bottom of pool. 
This phenomenon is not predicted by GOTHIC, since in the 2D modeling, the bottom 
of tank is modeled by a flat blockage with 0.24 m in height. However, the result 
shows that the predicted temperature of the pool can match the experimental 
temperature. It implies that the heat loss from the tank to outside can be predicted by 
GOTHIC. 
  

 
Figure 23: Comparison of calculated and measured liquid temperature in the wetwell 

 

4.3. 2D distributed parameter simulation for STR-04 
 
The steam flow rate in STR-04 is a function of time, and is shown in Figure 24. 
Figure 25 shows the predicted drywell pressure compared to measured drywell 
pressure in the experiment. After about 7000 seconds, the pressure in the simulation is 
under-predicted compared to the measured data, which is equal to the boundary 
pressure in the experiment.  
 
The liquid temperature distribution in the simulation is shown in Figure 26. The well 
mixing pool is obtained in the simulation and the thermal stratification observed in the 
experiment is not predicted in this case. It can explain why the pressure of drywell is 
under-predicted. The drywell pressure is relevant to pressure in gas space of the 
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wetwell, in which non-condensable gas has accumulated. The gas temperature of 
wetwell controls the gas pressure. In the experiment, the gas space has high 
temperature due to the thermal stratification in the liquid part. 
 
Compared to the averaged liquid temperature of experiment, the pool temperature is 
overestimated in the simulation. It may be due to the condensation rate in the drywell 
and in the blowdown pipe which is smaller in the simulation and consequently more 
steam is injected into the pool. 
 
Figure 27 shows the steam flow rate between different parts. It can be seen that the 
steam mass flow rate out of the blowdown pipe has positive value in most of the 
transient, especially before 5000 seconds. 

 
Figure 24: Steam flow rate supplied by flow boundary 

 
 

 
Figure 25: Comparison of calculated pressure and measured pressure in the drywell 
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Figure 26: Calculated wetwell liquid temperature and averaged liquid temperature in 
the experiment 

 
Figure 27: Vapor mass flow rate from boundary and through the blowdown pipe 
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5. SUMMARY AND OUTLOOK 
 
The presented work contributes to the development of expertise at KTH in the field of 
containment thermal-hydraulics under the support of the NORTHNET Roadmap 3 
(Containment Thermal Hydraulics). The use of data from POOLEX/PPOOLEX 
experiments at Lappeenranta University of Technology (LUT) is important element in 
development and validation of analytical methods in the present work. 
 
Main conclusions and results of the present work can be summarized as follows: 

(i) Reliable and computationally affordable prediction of thermal 
stratification development and mixing time scales in case of steam 
injection into a large subcooled pool is a challenging problem for 
contemporary simulation methods. Major problems are due to long time of 
the plant transients, complex geometry, complex physics of mixed 
(forced/natural) turbulent convection at high Rayleigh numbers, and 
potential instabilities in direct contact condensation of steam in different 
flow regimes (Chapter 1). 

(ii) The effective heat source (EHS) model and the effective momentum 
source (EMS) model are further developed in this work for prediction of 
thermal stratification and mixing dynamics in the pool. The models are 
used in the GOTHIC containment code for modeling of the effect of steam 
condensation phenomena on the large scale circulation in the pool. 
(Chapter 2). 

(iii) A feasibility study has been performed with GOTHIC simulations to 
estimate the value of the effective momentum rate and direction in 
Chapter 3. The experimental data from the POOLEX STB-21 test are 
analyzed to estimate the velocity and period of free surface oscillations in 
the blowdown pipe in the chugging regime. The averaged momentum rate 
induced by water motion downward and upward is then estimated. An 
equation for the effective momentum is proposed and two coefficients for 
upward and downward momentum rates are introduced. Unfortunately, 
available experimental data is insufficient to uniquely determine these 
coefficients. Thus, the approach warrants additional data for validation and 
preferably with more temperature measurement points inside the 
blowdown pipe. In addition, the measurement frequency of 1 Hz also has 
to be increased for higher accuracy in the estimation of the water velocity. 
The abrupt increase and non-constant steam influx in the experiment 
caused significant variations in the amplitude and period of chugging 
oscillations which makes accurate estimations of the effective momentum 
difficult. Thus, an experiment with relatively constant steam flow rate is 
highly desirable for better estimation of the effective heat and momentum 
sources (Chapter 3). 

(iv) 2D simulations of PPOOLEX experiment STR-01 and STR-04 have been 
performed as part of analytical support to the experimental activity at LUT 
(Chapter 4). Results have shown with 2D modeling the heat loss from 
experimental facility can be predicted by GOTHIC. The simulation with 
steam injection supplied by a flow boundary did not predict the thermal 
stratification. The reason is that steam is not completely condensed in the 
blowdown pipe (as in the experiments), which introduces a source of 
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momentum in the pool that causes mixing. The implementation of 
EHS/EMS for PPOOLEX tests is currently in progress. 
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Appendix 1 

 
Table A1-1: Parameters for lumped parameter modeling of STB-20 

INITIAL CONDITION  
Pool liquid and vapor 
temperature (ºC) 

30 

Pool pressure (kPa) 105.353 
Liquid fraction in the pool 0.533 
Pipe liquid and vapor 
temperature  (ºC) 

30 

Pipe pressure (kPa) 101.353 
Liquid fraction in the pipe 0.469 
liquid and vapor 
temperature in lab (ºC) 

24 

Lab pressure (kPa) 101.353 
Liquid fraction in lab 0 
  
BOUNDARY 1 (Flow)  
Steam Source Pressure 
(kPa) 

Time dependent experimental data [9] 

Steam Flow (kg/s) Time dependent experimental data [9] 
Temperature (ºC) Time dependent experimental data [9] 
Steam Fraction 1 
Elevation (m) 6.9 
  
BOUNDARY 2 (Pressure)  
Pressure (kPa) 101.353 
Temperature (ºC) 20 
Air Fraction 1 
Elevation (m) 9 
  
VOLUME 1 (Blowdown pipe model) 
Volume (m3) 0.149 
Hydraulics diameter (m) 0.2141 
Bottom Elevation (m) 0.857 
Height (m) 4.143 
  
VOLUME 2s (Pool model) 
Volume (m3) 22.5 
Hydraulic diameter (m) 2.4 
Bottom Elevation (m) 0 
Height (m) 5 
  
VOLUME 3 (Lab model) 
Volume (m3) 107

Hydraulics diameter (m) 15 
Bottom Elevation (m) -1 
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Height (m) 10 
  
JUNCTION 1 (Connects flow boundary to pipe) 
End elevation (m) 4.5 
Start elevation (m) 6.9 
Hydraulic diameter (m) 0.2141 
Flow area (m2) 0.036 
Inertia length (m) 0.01 
Friction length (m) 0.01 
  
JUNCTION 2 (Connects blowdown pipe to pool) 
End elevation (m) 0.857 
Start elevation (m) 0.757 
Hydraulic diameter (m) 0.2141 
Flow area (m2) 0.036 
Inertia length (m) 4.143 
Friction length (m) 4.143 
  
JUNCTION 3 (Connects lab to pool) 
End elevation (m) 4.5 
Start elevation (m) 5.05 
Hydraulic diameter (m) 2.4 
Flow area (m2) 2.25 
Inertia length (m) 5 
Friction length (m) 5 
  
JUNCTION 4 (Connects pressure boundary to lab) 
End elevation (m) 8.9 
Start elevation (m) 9 
Hydraulic diameter (m) 1 
Flow area (m2) 3 
Inertia length (m) 0.01 
Friction length (m) 0.01 
  
JUNCTION 5 (Connects lab to pool) 
End elevation (m) 4.508 
Start elevation (m) 5.05 
Hydraulic diameter (m) 2.4 
Flow area (m2) 2.25 
Inertia length (m) 5 
Friction length (m) 5 
  
CONDUCTOR 1 (Pipe wall in gas space of pool) 
Thickness (cm) 0.25 
Surface area (m2) 1.379 
Initial temperature (ºC) 30 
  
CONDUCTOR 2 (Pipe wall in liquid space of pool ) 
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Thickness (cm) 0.25 
Surface area (m2) 1.2174 
Initial temperature (ºC) 30 
  
CONDUCTOR 3 (Tank sidewall in gas space) 
Thickness (cm) 4 
Surface area (m2) 15.46 
Initial temperature (ºC) 30 
  
CONDUCTOR 4 (Tank sidewall in liquid space) 
Thickness (cm) 4 
Surface area (m2) 20.11 
Initial temperature (ºC) 30 
  
CONDUCTOR 5 (Bottom wall of the tank) 
Thickness (cm) 5 
Surface area (m2) 4.5 
Initial temperature (ºC) 30 

49 



KTH, NKS-POOL  May, 2011 
 

Table A1-2: Parameters for 2D modeling of STB-20 
In 2D modeling of pool without gas space 
INITIAL CONDITION  
Pool liquid and vapor 
temperature (ºC) 

30 

Pool pressure (kPa) 105.353 
liquid and vapor 
temperature in lab (ºC) 

24 

Lab pressure (kPa) 101.353 
Liquid fraction in lab 0 
  
VOLUME 1s (Liquid part of the pool) 
Volume (m3) 12 
Hydraulic diameter (m) 2.4 
Bottom Elevation (m) 1 
Height (m) 2.95 
  
VOLUME 2 (Lab model) 
Volume (m3) 107

Hydraulics diameter (m) 15 
Bottom Elevation (m) -1 
Height (m) 10 
  
CONDUCTOR 1s (Pipe wall in liquid space of pool ) 
Thickness (cm) 0.25 
Surface area (m2) 1.2174 
Initial temperature (ºC) 30 
  
CONDUCTOR 2s (Virtual wall of free surface in the pool ) 
Thickness (cm) 0.01 
Surface area (m2) 4.5 
Initial temperature (ºC) 30 
  
CONDUCTOR 3s (Tank sidewall in liquid space) 
Thickness (cm) 4 
Surface area (m2) 20.11 
Initial temperature (ºC) 30 
  
CONDUCTOR 4s (Bottom wall of the tank) 
Thickness (cm) 5 
Surface area (m2) 4.5 
Initial temperature (ºC) 30 

 
In 2D modeling of pool without gas space 
INITIAL CONDITION  
Pool liquid and vapor 
temperature (ºC) 

30 

Pool pressure (kPa) 105.353 
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liquid and vapor 
temperature in lab (ºC) 

24 

Lab pressure (kPa) 101.353 
Liquid fraction in lab 0 
  
BOUNDARY 1 (Pressure)  
Pressure (kPa) 101.353 
Temperature (ºC) 20 
Air Fraction 1 
Elevation (m) 9 
  
VOLUME 1s (Pool model) 
Volume (m3) 21.225 
Hydraulic diameter (m) 2.4 
Bottom Elevation (m) 0 
Height (m) 5 
  
VOLUME 2 (Lab model) 
Volume (m3) 107

Hydraulics diameter (m) 15 
Bottom Elevation (m) 5 
Height (m) 16 
  
CONDUCTOR 1s (Pipe wall in liquid space of pool) 
Thickness (cm) 0.25 
Surface area (m2) 1.2174 
Initial temperature (ºC) 30 
  
CONDUCTOR 2s (Tank sidewall in liquid space) 
Thickness (cm) 4 
Surface area (m2) 35.57 
Initial temperature (ºC) 30 
  
CONDUCTOR 3s (Bottom wall of the tank) 
Thickness (cm) 5 
Surface area (m2) 4.5 
Initial temperature (ºC) 30 
  
JUNCTION 1 (Connects pressure boundary to lab) 
End elevation (m) 8.9 
Start elevation (m) 9 
Hydraulic diameter (m) 1 
Flow area (m2) 3 
Inertia length (m) 0.01 
Friction length (m) 0.01 
  
3D CONNECTOR (Connects lab and pool) 
Forward loss coefficient 1 
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Reverse loss coefficient 1 
Lumped volume momentum Conserve 
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Appendix 2 
 
 
The following table includes parameters used in PPOOLEX 2D simulation with 
GOTHIC. The initial conditions and boundary conditions are from experimental data 
and different for STR-01 and STR-04. 
 

BOUNDARY 1 (Flow)  
Elevation (m) 6.342 
  
BOUNDARY 2 (Pressure)  
Pressure (kPa) 101.1 
Temperature (ºC) 20 
Air Fraction 1 
Elevation (m) 9 
  
VOLUME 1s (Dry well model) 
Volume (m3) 13.3 
Hydraulics diameter (m) 2.4 
Bottom Elevation (m) 4.27 
Height (m) 3.18 
  
VOLUME 2s (Wetwell model) 
Volume (m3) 17.8 
Hydraulic diameter (m) 2.4 
Bottom Elevation (m) 0 
Height (m) 4.27 
  
VOLUME 3 (Blowdown pipe model) 
Volume (m3) 0.1 
Hydraulics diameter (m) 0.2 
Bottom Elevation (m) 1.087 
Height (m) 3.183 
  
VOLUME 4 (Lab model) 
Volume (m3) 107

Hydraulics diameter (m) 15 
Bottom Elevation (m) -1 
Height (m) 10 
  
JUNCTION 1 (Connects flow boundary to drywell) 
End elevation (m) 6.342 
Start elevation (m) 6.342 
Hydraulic diameter (m) 0.2141 
Flow area (m2) 0.036 
Inertia length (m) 0.01 
Friction length (m) 0.01 
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JUNCTION 2 (Connects drywell to blowdown pipe) 
End elevation (m) 4.27 
Start elevation (m) 4.255 
Hydraulic diameter (m) 0.2 
Flow area (m2) 0.0314 
Inertia length (m) 1.59 
Friction length (m) 1.59 
  
JUNCTION 3 (Connects blowdown pipe to wetwell) 
End elevation (m) 1.087 
Start elevation (m) 1.067 
Hydraulic diameter (m) 0.2 
Flow area (m2) 0.0314 
Inertia length (m) 1.59 
Friction length (m) 1.59 
  
CONDUCTOR 1 (Ceiling in the drywell) 
Thickness (cm) 1 
Surface area (m2) 4.5 
  
CONDUCTOR 2 (Side wall of drywell ) 
Thickness (cm) 1 
Surface area (m2) 23.98 
  
CONDUCTOR 3 (Floor between the drywell and wetwell) 
Thickness (cm) 1 
Surface area (m2) 4.5 
  
CONDUCTOR 4 (Blowdown tube model) 
Thickness (cm) 0.25 
Surface area (m2) 2.0 
  
CONDUCTOR 5 (Wetwell side wall) 
Thickness (cm) 1 
Surface area (m2) 32.2 
  
CONDUCTOR 6 (Bottom of the wetwell) 
Thickness (cm) 1 
Surface area (m2) 4.5 
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Abstract This work pertains to the research program on Containment Thermal-Hydraulics at 

KTH. The objective is to evaluate and improve performance of methods, which are 
used to analyze thermal-hydraulics of steam suppression pools in a BWR plant 
under different abnormal transient and accident conditions. The pressure 
suppression pool was designed to have the capability as a heat sink to cool and 
condense steam released from the core vessel and/or main steam line during loss of 
coolant accident (LOCA) or opening of safety relief valve in normal operation of 
BWRs. For the case of small flow rates of steam influx, thermal stratification could 
develop on the part above the blowdown pipe exit and significantly impede the 
pool’s pressure suppression capacity. Once steam flow rate increases significantly, 
momentum introduced by the steam injection and/or periodic expansion and 
collapse of large steam bubbles due to direct contact condensation can destroy 
stratified layers and lead to mixing of the pool water. We use CFD-like model of 
the general purpose thermal-hydraulic code GOTHIC for addressing the issues of 
stratification and mixing in the pool. In the previous works we have demonstrated 
that accurate and computationally efficient prediction of the pool thermal-
hydraulics in the scenarios with transition between thermal stratification and 
mixing, presents a computational challenge. The reason is that direct contact 
condensation phenomena, which drive oscillatory motion of the water in the 
blowdown pipes, are difficult to simulate with original GOTHIC models because of 
appearance of artificial oscillations due to numerical disturbances. To resolve this 
problem we propose to model the effect of steam injection on the mixing and 
stratification with the Effective Heat Source (EHS) model and the Effective 
Momentum Source (EMS) model. We use POOLEX/PPOOLEX experiment 
(Lappeenranta University of Technology in Finland), in order to (a) quantify errors 
due to GOTHIC’s physical models and numerical schemes, (b) propose necessary 
improvements in GOTHIC sub-grid scale modeling,  and (c) to validate proposed 
models. Results obtained with the EHS model shows that GOTHIC can predict 
development of thermal stratification in the pool if adequate grid resolution is 
provided. An equation for the effective momentum is proposed based on feasibility 
studies of the EMS model and analysis of the measured data in the test with 
chugging regime of steam injection. An experiment with higher resolution in space 
and time of oscillatory flow inside the blowdown pipe is highly desirable to 
uniquely determine model coefficients. Implementation of EHS/EMS model in 
GOTHIC and their validation against new PPOOLEX experiment is underway. 
 

Key words BWR pressure suppression pool, thermal stratification, mixing, effective models, 
GOTHIC 
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