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The purpose of this thesis is to study the scalability of small break LOCA experiments. The 

study is performed on the experimental data, as well as on the results of thermal hydraulic 

computation performed on TRACE code. 

 

The SBLOCA experiments were performed on PACTEL facility situated at LUT. The tem-

poral scaling of the results was done by relating the total coolant mass in the system with the 

initial break mass flow and using the quotient to scale the experiment time. 

 

The results showed many similarities in the behaviour of pressure and break mass flow be-

tween the experiments. 

  



 

TIIVISTELMÄ 

 

Lappeenrannan teknillinen yliopisto 

LUT School of Energy Systems 

Energiatekniikan koulutusohjelma 

 

Sampsa Otronen 

 

Pienten vuotojen kokeiden skaalautuvuusanalyysi 

 

Diplomityö 

 

2016 

 

62 sivua, 34 kuvaa ja 8 taulukkoa 

 

Tarkastajat: Professori Tohtori Juhani Hyvärinen 

Tohtori Juhani Vihavainen 

 

Avainsanat: jäähdytteenmenetysonnettomuus, LOCA, kaksifaasivirtaus, skaalautuminen, 

termohydraulinen systeemikoodi, PACTEL, TRACE validointi 

 

Diplomityön tarkoituksena on tutkia pienten vuotojen jäähdytteenmenetysonnettomuuksien 

(SBLOCA) skaalautuvuutta. Tutkimus on suoritettu sekä koedatasta että TRACE-koodilla 

suoritetusta termohydraulisen laskennan tuloksista. 

 

Kokeet suoritettiin PACTEL-koelaitteistolla, joka sijaitsee Lappeenrannan teknillisellä yli-

opistolla. Aikaskaalaus suoritettiin vertaamalla laitteiston kokonaisjäähdytemassaa vuodon 

massavirtaan sen alussa ja skaalaamalla osamäärällä kokeen aikaa. 
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1  INTRODUCTION 

Nuclear energy plays a major part in energy production. Nuclear power consists 10,6 % of 

electricity production and 4,8 % of the primary energy production of the world (IEA 2015), 

although regionally the percentage can be significantly higher (Sandberg 2004, 21). As of 

March 2016 there were 442 nuclear power plants (NPP) in operation with over 384 GWe of 

net installed capacity and 66 under construction (IAEA 2016a). 

 

After the Fukushima Dai-Ichi accident in 2011 a change was seen in the general opinion 

towards nuclear energy. Notably, Germany announced to abandon nuclear energy altogether 

and shut down all their existing nuclear power plants. Countries all over the world performed 

stress tests on nuclear power plants to find and correct any similar faults (IAEA 2012). 

1.1 Background 

Due to the radioactive material they contain, the safety of nuclear power plants is a very high 

priority when designing and running them. There is also a need to prepare for accident sce-

narios. Computer analyses as well as probabilistic analyses are used to study these scenarios. 

(Sandberg 2004, 90–97.) 

 

Modern nuclear power plants contain several passive safety systems. Passive systems do not 

require external operation or power and are important in improving NPP reliability and 

safety. These systems include for example accumulators and other pressure or gravity driven 

injection systems. (IAEA 2009, 1–5.) 

1.1.1 Code verification and validation 

There is a need for constant testing and verification of previous experiments and calculations 

(IAEA 2016b; Oberkampf & Trucano 2007, 62). Required tests often cannot be performed 

with a real nuclear power plant or even real-sized experimental facility due to safety risks 

and cost of such facility. Therefore, most experiments are done with smaller facilities while 

trying to ensure that the results can be related to real life reactor systems. Computational 

simulation of different scenarios is increasingly more important in the safety analysis of 

modern nuclear power plants. However, the computer codes and calculations have to be 

verified and validated by using them to calculate certain real life tests and comparing the 

results. (IAEA 2002; Vihavainen 2014, 15.) 
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Uncertainties should be considered and adequate safety margins used when using a computer 

code or analysis. A sensitivity study should be performed to check for the stability of the 

solution. (IAEA 2008.)  

1.1.2 Thermal hydraulic phenomena 

The main phenomena occurring in nuclear power plants and experimental facilities during 

accident scenarios are subjects of thermal hydraulics.  

 

During many accident scenarios the main method of heat transfer in the primary circuit is 

natural circulation. Natural circulation is the movement of the fluid driven by the difference 

in density of the fluid, caused by difference in temperature, and the gravitational forces act-

ing on it. (IAEA 2009, 11–24.) 

 

Forms of natural circulation in accident scenarios include one-phase, two-phase, and boiler-

condenser circulations. In one-phase natural circulation all of the fluid is liquid and the flow 

is caused by the differences in density. In two-phase flow, the fluid boils and after the heat 

source (core) the flow is a mixture of liquid and gas. In boiler-condenser circulation the 

liquid boils and only gas propagates to the heat sink, where it condenses. (Vihavainen 2014, 

24.) It is typical for boiler-condenser circulation to have significantly lower mass flow rates 

than the previous two due to the amount of latent heat transferred in the boiling and con-

densing of the fluid. 

 

Different flow regimes for gas-liquid two-phase mixtures, notably steam-water, are essential 

to the thermal-hydraulic analysis of reactor systems. Most important phenomena depend 

strongly on the behaviour of the mixture, which depends on the flow regime. Figure 1 shows 

the major flow regimes in two-phase flow in a vertical pipe with upward flow. (Ghiaasiaan 

2008, 121–123.) 
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Figure 1. Major flow regimes in two-phase vertical upward pipe flow. Gas mass flow is increased from left 

to right. (Ghiaasiaan 2008, 123.) 

 

Critical or choked flow occurs when a compressible fluid moves from high pressure to low 

pressure, such as a break in reactor system primary loop. The mass flow rate during choked 

flow is limited by the higher pressure due to speed of sound limiting the propagation of 

information. (Todreas & Mujid 2012, 665–675; Ghiaasiaan 2008, 499.) 

1.1.3 Tools used in the thesis 

A set of small break loss of coolant accident (SBLOCA) tests were performed using the 

Parallel Channel Test Loop (PACTEL) VVER test facility. The tests have different break 

sizes and safety systems. These tests serve as a good validation model for computer codes. 

 

This thesis uses TRAC/RELAP Advanced Computational Engine (TRACE) thermal hydrau-

lic code to simulate these tests. The code is designed to give analyses of loss-of-coolant 

accidents, operational transients and other accident scenarios. It can also be used to model 

phenomena in experimental facilities. 
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Aforementioned experiments were chosen for TRACE analysis because the phenomena 

studied in them is a good test for the performance of the code and the different break size in 

experiments helps in finding if the phenomena can be scaled with break size. 

1.2 Aim of the thesis 

The experiments used to validate a computer code are usually scaled down from full size 

reactor systems. The system codes, however, have to be able to analyse full size systems and 

their performance during operational and accident scenarios.  

 

The small break LOCA tests studied in this thesis have different break sizes, thus they can 

be used to study the scaling properties of LOCA scenarios. The scalability of loss of coolant 

accidents can help predict the phenomena occurring in them. 

 

The goal of this thesis is to find a time factor and with the help of that factor study the 

scalability of small break LOCA tests. The main focus is in the study of mass balance and 

thus, little or no concern is given to the temperature distribution in the experiments. 

 

The computer calculations are used also to assess the validity and performance of TRACE 

code. 

1.3 Structure of the thesis 

Chapter 2 discusses the requirements of scaling. 

 

In chapter 3 the PACTEL facility is presented and its instrumentation and geometry are de-

scribed. 

 

Chapter 4 discusses the small break loss of coolant accident tests performed in PACTEL. 

 

Chapter 5 describes the TRACE system code, the graphical user interface SNAP, and the 

details of the model of PACTEL in SNAP. The calculation results and some error analysis 

are discussed. 
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In chapter 6 a time constant is derived from the PACTEL data and the calculation results. 

The time constant is used to compare the different experiments. 

 

Chapter 7 discusses the results and their validity and ramifications. 

 

Chapter 8, conclusions, summarises all the essential findings of this thesis and suggests sub-

jects of further studies.  
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2  SCALING 

In order to study the phenomena in nuclear power plants, experiments must be performed. 

Most experiments, however, cannot be performed using the actual nuclear power plant, due 

to the risk and cost of such experiments. In order to perform experiments safely, test facilities 

must be used. These facilities are often similar in geometry and have the same vertical di-

mensions as the reference power plant to maintain the effects of gravitational force but are 

volumetrically scaled in order to save costs. 

 

The scaling of reactor system models should be done carefully to ensure that the test facilities 

behave in the same way as the reference power plant. D’Auria and Galassi (2010) describe 

in detail the issues to consider when scaling nuclear reactor thermal hydraulics. Among the 

conditions described, they emphasise using water as the working fluid to maintain the fluid 

properties and the preservation of gravitational head. 

 

Scaling a test facility volumetrically while trying to maintain the elevations leads to thin 

constructions, which may, among other issues, have increased wall friction due to their thin-

ner piping. Ishii et al. (1998) describe three-level scaling used in the design of Purdue Uni-

versity Multi-Dimensional Integral Test Assembly (PUMA). PUMA has reduced height in 

order to maintain better aspect ratio and avoid the issues with thin facilities. The scaling 

approach included integral system scaling and control volume and boundary flow scaling 

that were done top down. In addition there was a bottom up phenomenological scaling. Ishii 

et al. (1998, 33) state that all the scaling requirements cannot be fully satisfied and that some 

scale distortions are always present. 

 

Nahavandi et al. (1979) discuss three types of scaling laws that should be used when design-

ing a scaled reactor test system. These types are time-reducing, time-preserving volumetric 

and time-preserving idealised model scaling laws. Typically, dimensionless numbers such 

as Reynolds and modified Froude number are compared when scaling the facilities. 

 

Wulff et al. (2005, 9–14) state that if properly scaled, all pressurised reactor coolant systems 

and similar test facilities depressurise similarly. They discuss the scaling of LOCA scenarios 

with the initial mass flow from the break, which is similar to the approach used in this thesis. 
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Use of dimensionless time ratios in scaling of LOCAs has been described by Zuber et al. 

(1998, 15–16). They state that by using only the dimensionless group presented in their ar-

ticle, complex phenomena can be scaled with ease, since it considers all important aspects. 

 

Zuber (2000) notes that scaling, like all science, should be made simple in order to avoid 

inaccuracy and inefficiency. 
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3  PACTEL TEST FACILITY 

The Parallel Channel Test Loop (PACTEL) is a test facility operated by the Lappeenranta 

University of Technology. The description of the PACTEL facility and its instrumentation 

and data collecting systems given in this chapter is the state of the facility when the small 

break tests SBL-30 through SBL-33 were performed in 1995. 

 

PACTEL (shown in Figure 2) was designed to simulate the major components of the primary 

loop of VVER-440 type pressurised water reactor (PWR). It could be used to simulate small 

and medium-size break loss of coolant accidents (LOCA’s), natural circulation and transi-

ents. It contained the primary system, the steam generators with secondary sides and the 

Emergency Core Cooling System (ECCS). The reference reactor for PACTEL is located in 

Loviisa. (Tuunanen et al. 1998, 8–10.) 

 

The PACTEL facility had a volume scaling factor of 1:305 but to preserve the gravitational 

forces, the primary side elevations were the same as in the reference reactor. There were 

three loops in the PACTEL, each of which modelled two in the reference reactor. Similarly 

as in the reference reactor, each loop in the PACTEL facility had horizontal steam genera-

tors, primary circulation pumps and loop seals in both cold and hot legs. Experiments could 

be run with one, two or all three of the loops. (Ibid., 8–10, 29.) A comparison between 

PACTEL and its reference reactor is shown in Table 1. 
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Figure 2. The PACTEL test facility. (Picture archive of Lappeenranta University of Technology Nuclear En-

ergy Department.)  
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Table 1. Comparison between PACTEL facility and its reference reactor Loviisa VVER-440. 

 PACTEL Loviisa VVER-440 

Volumetric scaling ratio 1:305 - 

Scaling factor of component heights and ele-

vations 

1:1 - 

Number of primary loops 3 6 

Maximum heating power / thermal power 1 MW 1500 MW 

Number of rods 144 39 438 

Outer diameter of fuel rod simulators 9,1 mm 9,1 mm 

Heated length of fuel rod simulators 2,42 m 2,42 m 

Axial power distribution Chopped cosine Cosine 

Axial peaking factor 1,4 1,4 

Maximum cladding temperature 800 °C  

Maximum operating pressure 8,0 MPa 12,3 MPa 

Maximum operating temperature 300 °C 300° C 

Maximum secondary pressure 5,0 MPa 5,0 MPa 

Maximum secondary temperature 260 °C 260 °C 

Feedwater tank pressure 2,5 MPa 2,5 MPa 

Feedwater tank temperature 225 °C 225 °C 

Accumulator pressure 5,5 MPa 5,5 MPa 

Low-pressure ECC-water pressure 0,7 MPa 0,7 MPa 

High-pressure ECC-water pressure 8,0 MPa 8,0 MPa 

ECC-water temperature 30 °C – 50 °C 30 °C – 50 °C 

 

3.1 Description 

The facility was constructed of stainless steel AISI 304 and was rated for a pressure of 8.0 

MPa and a fluid temperature of 300 °C. All parts were insulated with aluminium coated 

mineral wool. (Tuunanen et al. 1998, 13.) 

 

The core (shown in Figure 3) was constructed of 144 electrically heated fuel rod simulators 

in a single bundle. The simulators had a chopped cosine axial power distribution with an 
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axial peaking factor of 1.4. The heating length of 2420 mm and the other dimensions were 

equal to those of the reference reactor. The maximum core power was 1 MW. The bundle 

was divided in three parallel channels. The power could be controlled separately for each 

channel. (Ibid.) 

 

 

Figure 3. Temperature instrumentation and the structure of the core. (Tuunanen et al. 1998.) 
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At the time of the experiments PACTEL had horizontal large diameter steam generators 

(LDSG) that contained 118 u-tubes for heat exchange. The tubes were of the same diameter 

(16 x 1.5 mm) as the reference plant and they were twice as far apart to increase the height 

of the steam generator. The pressurizer was connected to the hot leg of loop 1 with a surge 

line and it had both heating and spray systems. (Ibid., 14.) 

 

Earlier the facility had Full Length Steam Generators (FLSG), which had a smaller amount 

of tubes but the pipes were longer and were situated closer to each other in the vertical di-

rection. Despite these differences, the heat transfer area of both tube bundles were almost 

the same. (Puustinen 1998, 5.) 

 

The emergency core cooling systems of the facility consisted of high and low pressure 

pumps and two accumulators. The accumulators injected water to the downcomer and to the 

upper plenum. The high pressure ECCS injected to the cold leg of loop 1 near the down-

comer. (Tuunanen et al. 1998, 16.)  

 

The steam generated in the steam generators was vented to the atmosphere by a common 

steam line. Each steam generator had separate feed water injection system, with two feed 

water lines. A separate PI-controller was used to control the pressure in all steam generators. 

Since the steam generator tube rows were twice as far apart in the PACTEL than in the 

reference reactor, the water volume of the secondary side was overestimated by a factor of 

three. (Ibid., 16.) 

 

Tuunanen (1998) describes some issues caused by the volumetric scaling of the facility. 

Since the primary side elevations were the same as in the reference reactor, and the volumes 

were scaled down by a factor of 305, the ratio of the tube wall area to the tube volume was 

larger than in the reference reactor. This lead to an overestimation of the heat losses to the 

outside. This issue was lessened by proper insulation of the facility. In spite of the ratio of 

the wall area to the tube volume, the pressure loss distribution was similar to the ones in the 

reference reactor, due to the fact that each loop in the PACTEL simulated two loops in the 

reference reactor and they were about 50 % shorter. (Ibid., 16–17.) 
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3.2 Instrumentation 

The PACTEL facility contained temperature, pressure, pressure difference and flow instru-

mentation. (Tuunanen et al. 1998, 19.) 

 

3.2.1 Temperature 

The cladding temperature, the fluid temperature and the structure temperature measurements 

used K-type insulated ungrounded thermocouples. (Ibid.) 

 

In the core, the cladding temperature, fluid temperatures and the structure temperatures were 

measured. The diameter of the thermocouples was 0,5 mm. The cladding temperatures were 

measured both inside and outside of the cladding. The fluid temperature measurements were 

situated so that the measurement point was a few millimetres away from the cladding. (Ibid., 

19–20.) 

 

In each steam generator there were eight instrumented tubes. Each tube had six positions of 

temperature measurements. Each position had both primary and secondary-side temperature 

measurements. Steam generators I and II also had tube wall temperature measurements. The 

thermocouples used had dimensions of 1,0 mm for fluid temperature and 0,5 mm for tube 

wall temperature measurements. (Ibid., 22.) 

 

3.2.2 Pressure 

The PACTEL facility had three different models of differential pressure transducers: Valmet 

DIFF-EL, Fuji FHC, and Siemens Teleperm 7MF13. The first had a piezoresistive sensor 

and the others had a diaphragm mechanism with capacitive pick-up. The absolute pressure 

transducers used were Valmet PRESS-EL and Fuji FHG types. (Ibid., 22–24.) 

 

3.2.3 Flow meters 

Primary flow to all three steam generators was measured with vortex flow meters in the cold 

legs. The combined flow was measured in the downcomer with a venturi nozzle. The LOCA 

experiment break flow was measured indirectly by the means of a large condensate tank with 

level measurements. (Ibid., 24.) 
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3.2.4 Data acquisition 

The experiment results were recorded with a Hewlett-Packard (HP) 3852A data acquisition 

unit with an HP VECTRA XU 6/200 PC. The computer had a Microsoft Windows NT 4.0 

operating system. (Ibid., 25.) 
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4  SMALL BREAK TESTS 

A series of cold leg small break loss of coolant accident (SBLOCA) tests was carried out to 

examine the two-phase natural circulation flow and its hydraulic behaviour in VVER geom-

etry with multiple loops and to study the mechanism of natural boron dilution transient dur-

ing SBLOCA. The dilution of boron in the coolant is a subject of interest because if a slug 

of diluted or completely boron free coolant would enter the core, a reactivity transient could 

occur. The experiments were carried out in the PACTEL facility described above. The tests 

had different break sizes and were increasingly intricate. (Puustinen 1998, 1; 2002, 100.) 

 

Table 2. Series of SBLOCA experiments. 

Run No. Break size Objective and conditions for the experiments 

SBL-30 Ø 1,0 mm 

0,04 % 

comparison test for SBL-7, behaviour of new steam generators, 

pressurizer isolated 

SBL-31 Ø 2,5 mm 

0,22 % 

testing of accumulator performance and secondary feeding and 

bleeding procedure 

SBL-32 Ø 2,8 mm 

0,29 % 

boron dilution mechanism, accumulators, HPIS and secondary 

feeding and bleeding as an operator action 

SBL-33 Ø 3,5 mm 

0,44 % 

boron dilution mechanism, accumulators, HPIS and secondary 

feeding and bleeding as an operator action 

 

The primary and secondary side systems were filled and the facility was heated up to prepare 

for the experiments. In all but the first experiment the Accumulator Core Cooling Units 

(ACCU) were filled with water and pressurized to 5,5 MPa with N2 gas. After reaching initial 

conditions, a minimum of 2000 second steady-state was retained before experiment began. 

The break was initiated after recording 1000 seconds of steady-state data. (Puustinen 1996, 

3.) 

 

In all of the four experiments the break was a sharp edged orifice situated vertically at the 

bottom of cold leg of loop 2. A partial or total failure of the high-pressure injection system 

(HPIS) was assumed, so that in experiments SBL-32 and SBL-33 only one pump out of four 

was operational. This corresponds to a mass flow of 0,08 kg/s. No injection systems were in 
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use in experiments SBL-30 and SBL-31. The tests were discontinued when the primary pres-

sure had decreased below the low pressure injection system (LPIS) set point or when the 

primary side liquid inventory had lowered so that the core outlet temperatures started to rise. 

(Puustinen 2002, 103–104.) 

 

In the last three experiments, a secondary side feed and bleed operator action was performed 

to lower the primary pressure. In each experiment the feed and bleed action began at 30 

minutes after the start of the break. (Ibid.) 

4.1 SBL-30 

The main objectives of the SBL-30 test were to compare the behaviour of the new large 

diameter steam generators (LDSG) in PACTEL and to act as a comparison test for SBL-7, a 

previous SBLOCA test with old full length steam generators (FLSG). The break size was 

only 1,0 mm in diameter which is 0,04 % of the PACTEL cold leg cross sectional area which 

corresponds to 0,1 % that of the reference reactor. The circulating pumps were stopped well 

before the break leaving the facility in a state of natural circulation. Unlike in the following 

experiments, the pressuriser was isolated immediately after the break. (Puustinen 1996, 2–

4; 2002, 103.) 

 
Table 3. Significant events in SBL-30 (Puustinen 1996, 4). 

Time (s) Event 

1000 Blowdown was initiated 

1000 Pressurizer isolated, heaters switched off 

4359 Core power off (pressure 7,83 MPa) 

4435 Core power on (pressure 7,57 MPa) 

4473 Core power off (pressure 7,84 MPa) 

4644 Core power on (pressure 7,46 MPa) 

10170 Void at the top of the downcomer 

11010 Break flow changes from single-phase flow to two-phase flow 

12150 Core heatup was first observed 

12301 Cladding temperature exceeded 300 C, experiment terminated 
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When the break was initiated the primary side pressure quickly decreased to saturation pres-

sure. (Figure 4.) The pressure then remained quite constant as natural circulation kept trans-

ferring heat from the core to the steam generators. When the coolant level reached below the 

hot leg entrance elevation, the flow stopped. This caused the pressure to rise, since heat 

transfer from the core deteriorated. To prevent the pressure relief valve from opening and 

the loss of inventory without being able to measure it, the core power had to be turned off 

for a while. This was done twice. (Puustinen 1998, 5.) 

 

This rapid increase in pressure is likely to be caused by the fact that the pressurizer was 

isolated from the primary side thus decreasing the volume significantly. When steam was 

formed in the primary side, it aggregated into the upper plenum. When pressure began to 

increase due to loop seal blocking heat transfer to the steam generators, steam had less space 

to be compressed. This lead to pressure increasing close to rated pressure of the facility be-

fore water level could reach the hot leg. 

 

 

Figure 4. Primary and secondary pressures in experiment SBL-30. (Puustinen 1996, 5.) 
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The coolant level decreased to the level of the hot leg loop seals, which caused steam to flow 

through in to the steam generators. (Figure 5.) Swift condensation of steam on the steam 

generator tubes produced a decrease in pressure. As a result, the coolant in the upper plenum 

rose and partially and completely filled the hot legs 1 and 3 respectively. This resulted in 

most of the flow going through loop 2. Since heat transfer continued, the pressure kept de-

creasing steadily after the initial drop. Eventually, the loop seals in hot legs 1 and 3 opened 

again. Loop seals repeatedly refilled and cleared during the next 2500 seconds, which can 

be seen as fluctuations in water level and mass flow as shown in Figure 5 and 6. After the 

upper plenum water level permanently decreased below hot leg entrances, the loop seals 

were open and only single-phase steam was entering the steam generators. Thus, the heat 

transfer mode was pure boiler-condenser. Towards the end of the experiment the break flow 

changed from water to a two-phase flow. The experiment was terminated when the top of 

the core was exposed and the cladding temperature began to rise. (Puustinen 1996, 4–7.) 

 

 

Figure 5. Collapsed fluid level during experiment SBL-30. (Puustinen 1996, 6.) 

 

Experiment SBL-30 was interesting due to its small leak size and because the facility was in 

the state of natural circulation before the break. Natural circulation caused the differences in 



25 

 

temperatures to be higher and the small break size caused the phases to separate more since 

less inventory was lost. 

 

Figure 6. Downcomer mass flow during experiment SBL-30 (Puustinen 1996, 5). 

4.2 SBL-31 

The aim of the SBL-31 test was to verify the performance of the new ACCU installed in the 

facility and to practice the use of feed and bleed procedure for the two following experi-

ments. (Puustinen 1998, 8.) 

 
Table 4. Main events in SBL-31 (Puustinen 1996, 8). 

Time (s) Event 

1000 Blowdown was initiated 

1000 Pumps were stopped, pressurizer heaters were switched off 

1231 Pressurizer empty 

1715 Accumulator injection starts 

2800 Secondary feed and bleed was started 

3925 Shut-off valve in injection line 2 closed (set point of accu2 level reached) 

4015 Shut-off valve in injection line 1 closed (set point of accu1 level reached) 

10000 Primary pressure clearly under LPIS head, experiment terminated 
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The break size was 2,5 mm which is 0,22 % of the cold leg cross sectional area and 0,8 % 

that of the reference reactor. As in the previous experiment, the pressure and inventory de-

creased at first (Figure 7 and 9), but the pressure drop caused by loop seal clearings caused 

accumulator injection to begin. This lead to several pressure spikes as the loop seals repeat-

edly refilled stopping the accumulator injection and opened again. This continued until the 

accumulators were emptied. (Puustinen 1996, 8; 2002, 103.) 

 

 

Figure 7. Primary and secondary pressure of experiment SBL-31. (Puustinen 1996, 9.) 

 

The feed and bleed procedure began at 1800 seconds or 30 minutes after the break. Although, 

the primary pressure began to follow secondary pressure only after 4400 seconds, the actual 

procedure succeeded quite well. (Puustinen 1996, 8.)  

 

Accumulator injection (Figure 8) followed the sudden decreases in primary pressure, leading 

to fluctuating mass flow rates. 

 

Accumulator injection probably affected on the primary pressure by increasing the primary 

side inventory. That is why it does not follow secondary pressure between the time of 3000 

and 4400 seconds. There is also a loop seal blockage formation and clearing during that time 

as can be seen in Figure 9.  
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Figure 8. Accumulator flow rates during experiment SBL-31 (Puustinen 1996, 9). 

 

 

 

Figure 9. Collapsed fluid level during the experiment SBL-31 (Puustinen 1996, 10). 
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4.3 SBL-32 

The goal of the SBL-32 experiment was to study the boron dilution during a small break 

LOCA. There was no boron present in the system, but an estimate of boron free coolant was 

calculated afterwards. The break size was 2,8 mm or 0,29 % of PACTEL cold leg cross 

sectional area or 1,0 % that of the reference reactor. In addition to the ACCUs, the high 

pressure injection system (HPIS) was in use. (Puustinen 1996, 2–10.) 

 
Table 5. Main events in SBL-32 (Puustinen 1996, 11). 

Time (s) Event 

1100 Blowdown was initiated 

1100 Pumps were stopped, pressurizer heaters were switched off 

1180 High pressure injection was initiated (pressurizer level 2,8 m) 

1305 Pressurizer empty 

1345 Accumulator injection started 

2900 Secondary feed and bleed was started 

4315 Shut-off valve in injection line 1 closed (set point of accu1 level reached) 

4435 Shut-off valve in injection line 2 closed (set point of accu2 level reached) 

4950-6050 Hot leg 1 loop seal empty 

6050-6500 Hot leg 3 loop seal empty 

6500 Primary pressure clearly under LPIS head, experiment terminated 

 

The water from accumulators and high and low pressure injections was able to compensate 

for the break flow for some time so that the water level remained above the hot leg entrance 

(Figure 11 and 12). As opposed to experiments SBL-31 and SBL-33, only one flow stagna-

tion occurred and it was after the accumulators had stopped injecting water. After the stag-

nation all three loops opened for a while but loops 2 and 3 quickly refilled and only loop 1 

remained open. For the remaining experiment the heat transfer mode in that loop was boiler 

condenser. Loop 1 refilled at about 6050 seconds and at the same time loop 3 opened. 

(Puustinen 1996, 10–11.) 

 

Fully developed boiler-condenser heat transfer mode was not observed in the experiment. 

During the last 1500 seconds there was a combination of boiler-condenser mode and two-
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phase flow mode. There was no chance of significant amount of diluted or unborated coolant 

generation. (Puustinen 1998, 15.) 

 

The pressure curves of experiment SBL-32 are shown in Figure 10. The primary pressure 

decreased quickly below 55 bar, so the accumulator injection began quite early compared to 

SBL-31 and SBL-33. As was in experiment SBL-31, the primary pressure did not follow the 

secondary pressure after the initiation of the feed and bleed procedure. This is also probably 

due to the accumulator injection. There can be seen a similar spike in primary pressure as a 

loop seal blockage is being created and cleared. 

 

 

Figure 10. Primary and secondary pressures in experiment SBL-32 (Puustinen 1996, 11). 
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Figure 11. Accumulator injection during experiment SBL-32 (Puustinen 1996, 12). 

 

 

Figure 12. Collapsed fluid level during experiment SBL-32 (Puustinen 1996, 12). 
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4.4 SBL-33 

The only difference between the SBL-32 and SBL-33 tests was the bigger break size of 3,5 

mm (0,44 % of PACTEL’s or 1,5 % of reference reactor’s cold leg cross section) in the latter. 

(Puustinen 1996, 14; 2002, 103.) 

 
Table 6. Main events in SBL-33 (Puustinen 1996, 14). 

Time (s) Event 

1000 Blowdown was initiated 

1000 Pumps were stopped, pressurizer heaters were switched off 

1060 High pressure injection was initiated (pressurizer level 2,8 m) 

1140 Pressurizer empty 

1425 Accumulator injection started 

2800 Secondary feed and bleed was started 

3050 Shut-off valve in injection line 1 closed (set point of accu1 level reached) 

3140 Shut-off valve in injection line 2 closed (set point of accu2 level reached) 

3230 Hot leg 1 and 2 loop seals empty 

3540 Hot leg 3 loop seal empty 

4170 Void at the top of the downcomer 

4205 Break flow changed from single-phase flow to two-phase flow 

6000 Primary pressure clearly under LPIS head, experiment terminated 

 

In SBL-33 experiment also only one flow stagnation happened, but it took place before the 

accumulators started to inject, in a higher pressure than in SBL-32. After the loop seal 

cleared, the flow resumed in all loops and the water from the high pressure injection and the 

accumulators kept the water level above the hot leg entrance elevation (Figure 16). After the 

accumulator injection blockages in loop seals of hot legs 1 and 2 cleared, with loop 3 fol-

lowing 310 s later. The behaviour of mass flow at cold legs can be seen in Figure 15. At 

4205 s the break flow changed from single-phase to two-phase flow. (Puustinen 1996, 14.) 

 

The primary pressure decreased below the secondary pressure (Figure 13), which signifies 

that the break flow rate was so high that the HPIS and ACCU flows could not maintain the 

primary side inventory. 
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Figure 13. Primary and secondary pressures in experiment SBL-33 (Puustinen 1996, 15). 

 

 

Figure 14. Accumulator injection during experiment SBL-33 (Puustinen 1996, 15). 
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Figure 15. Cold leg flow rates during experiment SBL-33 (Puustinen 1996, 16). 

 

 

Figure 16. Collapsed fluid levels during experiment SBL-33 (Puustinen 1996, 16). 

 



34 

 

There could have been boron dilution when the heat transfer mode was boiler-condenser. An 

unborated slug of water could have condensed inside the steam generator. Estimated 177 kg 

of condensed coolant was generated during the boiler-condenser phase. (Puustinen 1998, 

18–23.) 
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5  COMPUTER CODE 

Due to the intricate phenomena and complex systems found in nuclear power plants, their 

design and operation requires computational calculations. The system codes have to be ver-

ified and validated in order to use them in study of phenomena of nuclear reactors. 

5.1 Computer code validation 

Oberkampf and Trucano (2007) have described verification and validation in detail. Verifi-

cation means the process of confirming the establishing of the conformity of the computa-

tional model to the conceptual description of the model or simply put determining the correct 

use of equations. Validation is determining the accuracy of the model in reference to the real 

world or simply whether the right equations are used for the case. The difference between 

these terms can also be described by stating that verification deals with the mathematics and 

validation with the physics. However, Vihavainen (2014, 48) points out that validating, ver-

ifying and testing are often done together instead of separate checks. 

 

Typically, four sources of data are needed for validating computer codes: phenomenological 

data, component data, integral data and plant operation data. This implies that the code is 

assessed first using simple cases and phenomena and then with increasingly complicated 

systems. In the case of severe accidents, only data from Three Mile Island in 1979, Cherno-

byl 1986 and Fukushima in 2011 is available (Vihavainen 2014, 41). The assessment of 

validation is done by monitoring how well the code predicts chosen indicator quantities. A 

validation matrix is used to confirm that the results are consistent with varying initial condi-

tions. (IAEA 2002, 44–45.) 

 

There are a large number of specific cases for the validation of thermal hydraulic codes. 

These cases have been combined to validation matrices. PACTEL facility at Lappenranta 

University of Technology (LUT) is included in VVER validation matrix. (Vihavainen 2014, 

42–43.) 

5.2 Description of TRACE 

The TRAC/RELAP Advanced Computational Engine (TRACE) is the latest reactor system 

codes used by the U.S. Nuclear Regulatory Commission (USNRC) for analysing steady-
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state and transient neutronic-thermal-hydraulic behaviour in light water reactors. It is de-

signed to give analyses of loss-of-coolant accidents, operational transients and other accident 

scenarios. It can also be used to model phenomena in experimental facilities. (Bajorek et al. 

2014a, xxi.) 

 

TRACE contains multidimensional two-phase flow, nonequilibrium thermo-dynamics, heat 

transfer, reflood, level tracking, and reactor kinetics. Finite volume numerical methods are 

used to solve the partial equations describing two-phase flow and heat transfer. For the eval-

uation of heat transfer equations a semi-implicit time differencing technique is used. (Ibid., 

xxi–xxii.)  

 

When modelling, each component of the modelled facility can be represented as a compo-

nent in the TRACE model. Each component can be nodalised into a number of physical 

volumes, or cells. There is no build-in limit for the number of components that can be mod-

elled, although increased number of components slows the calculation down. (Ibid., xxii.) 

 

For most components one-dimensional analysis is used, since it gives a good approximation 

of the phenomena while having faster computational time than more complex geometries. 

For the components with larger open geometries, such as core or tanks, three-dimensional 

analysis is used. TRACE is not suitable for modelling circulation patterns inside large open 

geometries due to its lack of considering viscous shear stresses and turbulence modelling. 

(Bajorek et al. 2014a, xxvi.) 

 

Calculation of a model in TRACE consists of three phases. First, the input model is pro-

cessed and checked for all the required information is correctly formatted and present. Sec-

ond, the model is initialized for the actual transient solution procedure. This includes data 

management functions and checking the model for any errors initial and continuity condi-

tions. Finally, the code performs the actual solution procedure making small increments for-

ward in time called timesteps. The run is completed when end time specified by use is 

reached, a steady-state is reached during steady state runs, or a fatal error in the calculation 

happens. The user may also terminate the simulation before aforementioned conditions are 

met. (Ibid., 1–3.) 
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The equation set used in TRACE contains single phase Navier-Stokes equations in each 

phase and jump conditions between the phases. To obtain a useful set of two-fluid, two-

phase equations, time averaging is applied. This flow model is used in both one and three 

dimensions. The two-phase, two-fluid field equations set contains separate mass, energy, 

and momentum conservations for both phases. In addition, noncondensable gas has to be 

taken into account in many cases. Usually TRACE considers both nitrogen and air with only 

equations of air due to their similar behaviour. It is possible, however to treat them separately 

and allow even more noncondensable mass equations when needed. (Bajorek et al. 2014c, 

1.) 

 

Boron concentration in the system can be monitored with an additional mass conservation 

equation that is moving with the liquid. The amount of boric acid is assumed to be so small 

that its mass does not affect the thermodynamic or other physical properties of the liquid. 

Also, its mass is not used in the liquid momentum equation. (Ibid., 1–2.) 

 

5.2.1 Semi-implicit solution procedures (SETS) 

The solution can be solved with two methods. The semi-implicit method solves first the 

quantities that depend only on the state at the beginning of the time step. Next the difference 

equations are solved and finally the rest of the values are generated at the end of the time 

step. (Bajorek et al. 2014c, 81.) 

 

With Stability Enhancing Two-Step (SETS) method all the variables are calculated in each 

three stages of the step. Using SETS can speed up the calculation in transient situations by 

using longer time steps than the material Courant limit would dictate. (Ibid., 82.) 

5.2.2 Choked flow 

Special models are important in the performance of TRACE. They take into account the 

special physical phenomena that the base code does not calculate. It is important to recognise 

the situations where these phenomena may occur and activate the corresponding special 

model. These models include countercurrent and critical flow. (Bajorek et al. 2014c, 357–

361.) 
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Critical or choked flow happens when the mass flow in a pipe (or a break) is no longer 

dependent on the downstream conditions. That means that the mass flow is only dependent 

on the pressure upstream and the conditions of the fluid. Reason of the choking is that the 

acoustic signals can no longer propagate upstream to affect the conditions. (Ibid; Miller 

1983, 13-1–13-3.) 

5.2.3 Limitations of TRACE 

TRACE code is capable of analysing economic simplified boiling water reactor (ESBWR) 

and conventional PWR and boiling water reactor (BWR) large and small break LOCAs ex-

cept Babcock & Wilcox (B&W) designs. TRACE is not suitable for modelling situations 

where transfer of momentum is important factor at localized level. (Bajorek et al. 2014c, 

xxv–xxvi.) 

 

TRACE code is not suitable for transients with thermal stratification of the liquid phase in 

the one-dimensional components. Furthermore, TRACE code considers viscous shear 

stresses as negligible and thus, it should not be used to model scenarios where viscous 

stresses have to be taken into consideration, such as circulation patterns inside large open 

regions or strong turbulence. TRACE ignores the viscous heating terms within the fluid with 

the exception of circulation pumps. (Ibid.) 

 

The approximations in the calculation of the heat flux pose a problem of inaccuracy when 

calculating phenomena involving steam condensation. Such a case would be the collapse of 

a steam bubble blocking natural circulation through a B&W candycane. (Ibid.) VVER reac-

tors and PACTEL facility have a similar loop seal.  

 

Other distinct features of VVER reactors include vertical steam generators and hexagonal 

fuel rods. TRACE has been used to model VVER and PACTEL before and has been vali-

dated against the thermal hydraulic phenomena present in them (Vihavainen 2014, 16). 

5.2.4 Symbolic Nuclear Analysis Package (SNAP) 

Symbolic Nuclear Analysis Package (SNAP) is a set of integrated applications used to make 

the process of performing analysis more simple. The applications are Model Editor (Figure 

17), Job Status, Configuration Tool and Calculation Server. Model editor is a graphical user 

interface used to develop and modify input models. Configuration Tool is used to configure, 
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startup and shutdown a local Calculation Server and to specify properties for other applica-

tions, such as the analysis code used. (SNAP 2012, 1.) 

 

 

Figure 17. SNAP model editor with a model of the PACTEL facility. 

 

SNAP supports CONTAIN, COBRA, FRAPCON-3, MELCOR, PARCS, RADTRAD, 

RELAP5 and TRACE analysis codes. (Ibid.) 

 

SNAP is capable of animating the results of a calculation in several different ways. Anima-

tion models can contain for example colour contours, flow indicators, and values at set 

points. (Ibid., 119.) This can be useful when examining for example the behaviour of steam 

and water in a loop seal pipe.  

 

Figure 18 shows a shot of the SNAP animation model of experiment SBL-32. The red trian-

gles next to the steam generator heat exchange tubes in the top right indicate that the flow of 

fluid is reversed. The colour contours indicate the phase of the fluid. In the hot leg there is a 

loop seal blockage, indicated by the blue shade. 
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Figure 18. SNAP animation model of experiment SBL-32. 

 

The construction of animation models could be simpler. In order to add flow direction indi-

cators to pipe connections, the channel name must be first found from the original, connected 

model and then from the list of channel names. None of the hydraulic elements, such as 

pipes, are named in the animation model. 

5.3 PACTEL model in TRACE 

The PACTEL facility was modelled using SNAP and TRACE. All the pipes and reactor flow 

channels were modelled by pipe elements. Each component of the facility can be found in 

the TRACE model. There were some simplifications, such as the core bypass, which was 

only modelled with one pipe with corresponding values. Heat structure elements were added 

to the core and heat exchangers. The instrumentation and control systems were added and 

set to function in the same way as the facility. However, the measurement instruments could 

not be placed exactly the same way as in the facility due to the limitations caused by the 

nodalisation of the elements. A SNAP model of PACTEL loop 2 can be in Figure 19. 
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Figure 19. PACTEL loop 2 within SNAP. 

 

The loop geometries are simpler than the real geometries, since the pipes at the facility have 

a smooth curve due to the way bends are made and the SNAP model makes a sharp turn. 

The primary side pipes inside the steam generators were simulated using only eight tubes 

with average lengths instead of 118 in the facility. This lumping was done in order to save 

computing time, while preserving the accuracy of the calculation. 

 

Each steam generator loop was placed in their own separate view, except for the loop 1 

which shared the view with the core. Controls and the set values had their own views as did 

differential pressure calculations and heat losses. 
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Water levels were calculated in the similar way as in the facility, using the differential pres-

sure values measured.  

 

The break orifice was simulated using a leak orifice with a valve that opened quickly, similar 

to the experiments. The valve opening rate was set to be one second in order to avoid com-

plications in the calculation, caused by the quick transient from instantaneous change. The 

model of the break orifice can be found in Figure 20. 

 

 

Figure 20. Break orifice modelled by a valve in SNAP. 

5.4 Error analysis 

The results from TRACE analysis agreed quite well with the measurements done with 

PACTEL. The results are shown in chapter 6 where they are compared with the experimental 

data. 

 

There were some differences in results, some of which can be explained by the structure of 

the TRACE model. It was built so that it simulated the PACTEL facility rather than followed 

the exact conditions of the experiments. This lead to slightly different conditions even before 

beginning of the break. For example the pressurizer heating system was controlled by a trip 
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element that activated when pressure reached a set value. Because of the small fluctuation 

of pressure, the values varied between the calculation and the experiment.  

 

In the experiments the fluid level is measured by pressure difference. In TRACE calcula-

tions, however, the measurements are done by both pressure difference calculation and direct 

observation. These differ from each other due to inaccuracies in calculations and estimates 

caused by the limitations of cell sizes when observing the fluid level.  

 

Flow measurement is inaccurate due to the presence of two-phase flow and possible counter-

current flow, which cause error in flow meters. 

 

Accumulator injection in experiments SBL-31 through SBL-33 followed the values of pri-

mary pressure. When the pressure of the TRACE calculation did not follow the results in the 

experiment, the accumulators would start and stop injecting at different times, which caused 

further difference between the experiment and simulation. 

 

The assumption used can affect the results. For example using different choked flow options 

cause significant difference in mass flow through the break, which affects the primary pres-

sure. 
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6  TIME CONSTANT 

The small break loss of coolant accidents and experiments of such accidents often display 

similar phenomena. This could be seen from the raw data from experiments studied in this 

thesis. The pressure curves are similar in shape, but the timing of the phenomena seem to be 

dependent on the break size. This is to be expected, since larger breaks cause more rapid loss 

of coolant and thus loss of pressure. The purpose of scaling time in the experiments is to 

enhance the similarity of aforementioned phenomena and to discover whether some factor 

in addition to break size affects these phenomena. This subject has been previously described 

by Wulff et al. (2005). 

 

The aim of this chapter is to examine whether there exists a factor that can be used to scale 

the experiments with different break sizes and compare their values. In order to compare the 

experiments, a quantity that can scale time is needed. Time factor was chosen to depict the 

size of the leak. 

 

The time factor examined is defined by 

 𝜏 =
𝑀

�̇�
, (1)  

 

where  τ time factor        [s] 

 M total mass of the primary side      [kg] 

 ṁ mass flow from the break orifice in the beginning of the break [kg/s]. 

 

The physical meaning of the time factor τ is the time in seconds after the break until the 

primary side of the facility is emptied if the break flow remains the same as in the beginning. 

The time factors calculated from experiment and calculation data are shown in Table 7. The 

time factors seem to be proportional to the inverse of the break area with the exception of 

experiment SBL-30 which is approximately 20 % too small. 

  



45 

 

 
Table 7. Time factors derived from experimental and calculation data. 

Name of experiment τ experimental [s] τ TRACE [s] 

SBL-30 12 366 13 541 

SBL-31 2407 2234 

SBL-32 1960 1812 

SBL-33 1236 1100 

 

In order to compare different experiments in one chart, they had to be scaled by using di-

mensionless time as the x-axis. Dimensionless quantities can be created using Buckingham’s 

Pi Theorem (White 2002, 302–305). The dimensionless time was obtained by dividing the 

experiment time by the time factor and setting the time at break to zero. It is notable that the 

dimensionless time for experiment SBL-30 ranges only to unity, while rest of the experi-

ments have higher values. 

 



t
tT )(0 , (2) 

where 𝑇0 dimensionless time       - 

 t experiment time, t = 0 at break     [s]. 

 

The events in the experiments scaled with dimensionless times are listed in Table 8. It can 

be seen that pressuriser is emptied at almost the same dimensionless time. In experiment 

SBL-30 the pressuriser was isolated at the beginning of the break. In order to fit the graphs 

better together, SBL-30 break time was set to the dimensionless time where rest of the ex-

periments had their pressurizer emptied, T0 = 0,1. This does not apply to the break flow 

graph. 

 

Table 8. Experiment events and their corresponding dimensionless time. 

Event Experiment 

Break size 

SBL-30 

0,04 % 

SBL-31 

0,22 % 

SBL-32 

0,29 % 

SBL-33 

0,44 % 

Pressuriser empty 0* 0,10 0,10 0,11 

Accumulator injection began - 0,30 0,13 0,34 

Feed and bleed began - 0,75 0,92 1,46 

Accumulator injection ended - 1,2 1,7 1,7 

* ) Pressurizer isolated in the beginning of the experiment. 
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There is no loop seal blockage formation and clearing before feed and bleed procedure began 

in experiment SBL-32. This is the reason why primary pressure decreased more rapidly to 

the level that accumulator injection began. Experiments SBL-31 and SBL-33 had one or 

more loop seal clearings before primary pressure decreased below accumulator threshold. 

The feed and bleed operations all began at 30 minutes after the break, thus the varying time 

constants give different dimensionless times to each experiment. 

 

6.1 Experimental data 

The calculation or estimation of the total mass in the primary side was not simple, since the 

value was not listed and only the volumes of each part was known. Density of the fluid had 

to be calculated in order to find the mass. However, the density of fluid in different parts of 

the circuit vary due to the different temperatures. An estimation of the average density was 

found and accepted to be accurate enough to compare the time factors for different scenarios.  

 

The primary pressures in the experiments are shown in Figure 21. A spike in primary pres-

sure can be seen in experiments SBL-31 and SBL-32, caused by the flow stagnation. They 

do not coincide but are very similar in shape and both in the area of 1,4…1,9 dimensionless 

time. Experiment SBL-33 displays a small increase in pressure suggesting a very brief loop 

seal blockage formation at 1,82 dimensionless time.  
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Figure 21. Primary pressures in experiments SBL-30 trough SBL-33. 

 

Core water levels can be seen in Figure 22. All the experiments, save SBL-32, have a rapid 

decrease in water level and the curves coincide quite well. Water level in experiment SBL-

30 quickly reached the top of the core (indicated by dashed line), which lead to core heatup 

and termination of the experiment. The slower decrease of water level in experiment SBL-

32 was caused by the earlier initiation of accumulator flow that kept replacing coolant. 

 

 

Figure 22. Water level at core in experiment SBL-30 through SBL-33. Dashed line indicates the level of top 

of the core. 
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Mass flow through the downcomer is shown in Figure 23. The values varied greatly during 

the experiments and no similarities can be observed. The varying values of mass flow were 

caused by the different types of natural circulation heat transfer modes. During boiler-con-

denser mode the mass flow is significantly lower than during one-phase flow. Loop seal 

blockage clearings and emergency cooling water flows could also cause fluctuations in the 

mass flow. 

 

It should be noted that the mass flow measurement was not able to measure the direction of 

the flow, thus resulting in only positive values. The measurement was also inaccurate if 

steam was present. 

 

 

 

Figure 23. Mass flow through downcomer in experiments SBL-30 through SBL-33. 

 

 

The integrated break mass flow is shown in Figure 24. The curves seem to align very well 

in the beginning of the experiments. The break mass flow in experiment SBL-31 decreased 

around 1,4 dimensionless time, which could be caused by steam reaching the break orifice. 
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Figure 24. Break mass flow in experiments SBL-30 through SBL-33. 

 

6.2 TRACE computational data 

The total fluid mass of TRACE model primary side was also arduous to obtain. The simple 

way would have been to manually compute the sum of all primary side component volumes 

and then calculate the density using average temperatures as was done with experimental 

data. A shortcut was used instead. The primary side components were copied to another 

model, which was run. The total fluid mass could then be obtained from the output files. 

However, after copying the components, several component properties were lost and had to 

be manually re-assigned.  

 

The primary pressures obtained from TRACE calculation are shown in Figure 25. The pri-

mary pressure curve obtained through TRACE calculation of experiment SBL-33 is different 

from the curve drawn from the experimental data. The former has a rise in pressure at di-

mensionless time 1,3 while the latter has almost smooth decrease in pressure. The calculation 

was done with critical flow check at default settings. 
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Figure 25. Primary pressures obtained from TRACE calculation. 

 

The calculation was performed again without critical flow check and the results as seen in 

Figure 26 were similar to the ones in the experiment. This error in calculation could derive 

from the uncertainty of the experiment. All quantities affect each other and loop seal block-

age can occur with even a slight change in their values. There is also a slight chance of actual 

error in the code that could cause the error. 

 

 

Figure 26. Comparison of primary pressure calculations and experiment in SBL-33. 
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The core water levels (shown in Figure 27) are somewhat similar in shape than in the exper-

iments. Unlike in the experiment, the core water level in SBL-32 rises around 1,4 dimen-

sionless time. This could have been inflicted by the rapid decrease in pressure caused by the 

feed and bleed procedure. The distribution of liquid and steam in the primary loop is deter-

mined by complex phenomena and differences such as this can easily occur, when there are 

even slight differences in the conditions. 

 

 
Figure 27. Core water levels obtained from TRACE calculation. Dashed line shows the level of top of the 

core. 

 

The mass flow through the core is shown in Figure 28. The values fluctuate strongly but the 

oscillations are more rapid than in the experimental data. As opposed to the experimental 

data, also negative values are present, indicating backwards flow. 

4

5

6

7

8

9

10

11

12

13

0 0,5 1 1,5 2 2,5 3

m

Dimensionless time T0

Core water level

SBL30

SBL31

SBL32

SBL33



52 

 

 
Figure 28. Mass flow through core obtained from TRACE calculation. 

 

Integrated break mass flow curves (shown in Figure 29) are very similar to the ones in the 

experiments. SBL-30 seems to follow the other experiments better than in experimental data. 

 

 
Figure 29. Integrated break mass flow obtained from TRACE calculation. 

6.3 Comparison 

Figures 30 and 31 show comparison of primary pressures from experimental and computa-

tional data. The pressure curves do not coincide exactly, but they are similar in shape. 
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Figure 30. Comparison of primary pressures between experimental and calculated data in experiments SBL-

30 and SBL-33. 

 
Figure 31. Comparison of primary pressures between experimental and calculated data in experiments SBL-

31 and SBL-32. 

The integrated accumulator flows for experiments SBL-31 through SBL-33 are shown in 

Figures 32 through 34. There was no accumulator used in SBL-30. In addition to accumula-

tors, high pressure injection system was in use in experiments SBL-32 and SBL-33. It in-

jected with a constant flow rate of 0,08 kg/s. 
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There are some differences in the accumulator flow rates between experiments and compu-

tational data. The accumulators in TRACE model of experiment SBL-31 inject with lower 

flow rate throughout the experiment than the real life test. The TRACE model also has a 

slightly higher primary pressure, which could explain the difference. Another reason could 

be the lack of heat transfer from the ACCU walls to the N2 gas, which is cooled because of 

the expansion. The transfer of heat would increase the gas pressure and the accumulator 

flow. 

 

 
Figure 32. Comparison of integrated accumulator mass flows between experimental and calculated data in 

experiment SBL-31 

 

The flow rates are quite similar in experiments SBL-32 (Figure 33). 

 

In accumulator flow rates in SBL-33 (Figure 34) the difference between experiment and 

calculation is the greatest. The TRACE model has significantly lower flow rate and there is 

a region of faster flow rate around dimensionless time 1,83, which coincides with the extra 

loop seal blockage formation and clearing in the simulation. 
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Figure 33. Comparison of integrated accumulator mass flows between experimental and calculated data in 

experiment SBL-32. 

 

 
Figure 34. Comparison of integrated accumulator mass flows between experimental and calculated data in 

experiment SBL-33. 
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7  DISCUSSION 

With the exception of experiment SBL-30 the graphs seem to indicate similar phenomena at 

similar dimensionless times. This would indicate that these experiments can be scaled. Sim-

ilarities cannot be observed in the mass flow graphs, due to the amount of fluctuation. 

 

Scalability of LOCA experiments means that it may be possible to predict the phenomena of 

a LOCA based on the data of similar scenarios and the data from the beginning of said 

LOCA. That would be useful information for the operators and designers of NPPs. 

 

Experiment SBL-30 was different from the others because of the natural circulation in the 

beginning of the break and its small break size. There also were no emergency cooling water 

systems active in SBL-30. These factors lead to slower decrease in pressure. 

 

The experiments had also other differences in their execution. For example, in SBL-30 the 

pressurizer was isolated and no emergency cooling water was used. In experiment SBL-31 

only accumulators were in use, while the last two used both high pressure injection system 

and the accumulators. These differences made it more difficult to compare the results and to 

achieve good results with the temporal scaling. 

 

Since the time factor in experiment SBL-30 was so high and the scaling of the quantities was 

not similar to other test, it could be possible that there exists a range of break sizes or ratio 

of break sizes to fluid mass, within which the scaling can be performed accurately. The limits 

of this range might be a good area of further studies. It is, however, to the author’s specula-

tion, more probable that the differences are caused by the special conditions in the experi-

ment SBL-30 mentioned above. 

 

It should be noted that the experiments lose some of their comparability after the accumula-

tors and emergency water injections begin to feed to the primary side, since the events do 

not coincide perfectly in dimensionless time. Also the feed and bleed procedures may not 

occur in same frequency. 
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Since some approximations were made in the calculation of total coolant mass, there is some 

uncertainty in the values of time factors. This causes the temporal scaling to not be very 

accurate. Considering this, the results for example in the pressure graphs should be viewed 

satisfactory even though the phenomena do not coincide perfectly. 

 

The phenomena in the experiments can be observed using the animation model of SNAP. It 

depicts the changes of phase and situations where there is countercurrent flow. This is a 

useful tool in studying the sources of the results as only little can be observed through the 

instrumentation in the experimental facility. 
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8  CONCLUSIONS 

This thesis studies the scalability of small break loss of coolant accident experiments SBL-

30 through SBL-33 with the help of TRACE thermal hydraulic system code. The experi-

ments studied were carried out in PACTEL test facility at Lappeenranta University of Tech-

nology. 

 

The comparison between experiments was done by scaling the phenomena in the experi-

ments with the help of dimensionless time, which is obtained by relating the experiment time 

with a time factor. Time factor was defined as the ratio of total fluid mass in the facility and 

the mass flow in the beginning of the break. These results were obtained both from the ex-

perimental data and calculation data from TRACE. 

 

The results showed similar phenomena in different experiments at similar dimensionless 

time. This suggested that the scaling was successful. 

 

The experiments studied in this thesis had differences in their execution. For example, the 

pressurizer was isolated and no emergency cooling water was used in the first experiment. 

In the second experiment only accumulator system was used, while in the last two experi-

ments high pressure injection system was used in addition to the accumulators. In addition, 

an operator action to lower the secondary side pressure, so called feed and bleed action, was 

performed in all but the first experiment. These differences make it more difficult to compare 

the results and to achieve good results with the temporal scaling. 

 

The phenomena controlling the distribution of liquid and gas phases in the primary circuit 

of VVER type nuclear power plant or PACTEL facility during a loss of coolant accident are 

complex. Especially the formation and clearing of blockages in the hot leg loop seals can be 

affected by slight changes in the conditions, thus changing the results greatly. 
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