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A small break loss-of-coolant accident (SBLOCA) is one of problems investigated in an 

NPP operation. Such accident can be analyzed using an experiment facility and TRACE 

thermal-hydraulic system code. A series of SBLOCA experiments was carried out on 

Parallel Channel Test Loop (PACTEL) facility, exploited together with Technical Research 

Centre of Finland VTT Energy and Lappeenranta University of Technology (LUT), in order 

to investigate two-phase phenomena related to a VVER-type reactor. The experiments and 

a TRACE model of the PACTEL facility are described in the paper. In addition, there is the 

TRACE code description with main field equations. At the work, calculations of a SBLOCA 

series are implemented and after the calculations, the thesis discusses the validation of 

TRACE and concludes with an assessment of the usefulness and accuracy of the code in 

calculating small breaks. 
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1 INTRODUCTION 
 

An electricity requirement and a fossil fuel deficit enabled to rise nuclear energy technology. 

At present, thirty countries in the world are exploiting 437 nuclear reactors for outputting 

electricity and in fifteen countries 71 nuclear plants are under construction (Nei.org 2015). 

Moreover, a share of the nuclear energy in the world electricity production is over 11% 

(World-nuclear.org 2015).  

 

Nuclear power plants use uranium 235 (U-235) as a fuel. The U-235 has good properties, 

such as a great calorific value, a big density, absence of gas emissions. However, the nuclear 

fuel has disadvantages as well. One of the drawbacks is a dangerous level of radioactivity 

during nuclear power plant (NPP) operation. This fact force to think about safety of the plant 

as the radioactivity carries a risk for human lives. Therefore, accidents on the NPPs should 

be eliminated.  

 

An operating principle of the NPP using a pressurized water reactor (PWR) is illustrated in 

Fig. 1.1.  

 

 
Figure 1.1: Nuclear power plant scheme (Weather.gov.hk 2015) 

 

In order to convert heat energy of U-235 fissions to electricity a system of facilities is needed. 

The main of them are a reactor, steam generators, a turbine and a transformer. The nuclear 

plant with the PWR has two circuits – primary and secondary. In the primary circuit water 
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as a coolant transfers heat from the uranium fissions to the secondary circuit through the 

steam generators. Further, steam from the steam generators rotates the turbine and this 

mechanical energy transform to the electricity. Thus, the most important and hazardous place 

in the NPP is the primary circuit which has irradiated components. Consequently, safety 

systems should be implemented in order to prevent accidents on the primary circuit. 

 

1.1 Background 
 

A history of the NPPs counts certain amount of accidents, as insignificant so severe. 

Considerable part of them is connected with a loss-of-coolant accident (LOCA). Three Mile 

Island incident is one of the most severe LOCA in history that happened in the US in 1979. 

It has a level of International Nuclear Events Scale (INES) equal to 5, the maximum is 7 

(Rogers 2011). The loss of coolant from the primary side led to partial core melting but 

radiation releases to environment remained minimal, thanks to the containment structure that 

functioned adequately. The NPP became inoperable and cleanup started (Nrc.gov 2015a).  

 

In order to understand the reactor system behavior during the LOCA plenty of experiments 

on experimental facilities was conducted. However, performing of these experiments is not 

always possible or needs considerable amount of funds. In this case, computer system codes 

are capable to assist by modeling and calculating the experiments of interest.  

 

Almost all major nuclear nations designed their own computer system codes. The codes can 

model a six-equation two-phase flow in one-dimensional form. In addition, there is 

possibility to model components such as vessels in two- or three-dimensional form. Table 1.1 

shows well known thermal hydraulic system codes with their features (Hyvärinen 2015). 

One of the modern system codes is TRACE which includes six-equation two-phase flow 

basically in one-dimensional form, but for several components, such as vessels, there is 

three-dimensional form. The TRACE code is mostly applied in conventional PWR and 

boiling water reactors (BWR). In case of BWR, there are exceptions for the code 

applications, such as stability analysis and operational transients.  
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Table 1.1. Thermal hydraulic system codes (Hyvärinen 2015) 

Country Code name Application period Features 

USA 

RELAP5/Mod1 1985 5-equation 1D form 
TRAC-P  1980’s 6-equation 1D form 
TRAC-B 1980’s 6-equation 1D form with 3D vessel 
RELAP5/Mod2 late 1980’s 6-equation 1D form  
RELAP5/Mod3 1990’s – current 6-equation 1D form with some 

3D components 
TRACE current 6-equation 1D form with some 

3D components 

France CATHARE 1980’s – current 6-equation 1D form with a few 
2D/3D components 

Germany ATHLET 1980’s – current 6-equation 1D form 

Finland SMABRE 1980 – 2000 5-equation 1D form, fast-running 1D 
APROS 1990’s – current 3-, 5- and 6-equation 1D form 

 

Since accidents on the NPPs are an object of interest, there is possibility in the code to model 

critical heat flux (CHF) in wall heat transfer, critical flow, counter-current flow (CCF), level 

tracking, local form losses, spacer grids, offtake from a large diameter. Figs. 1.2-1.4 illustrate 

flow modes in pre-CHF and post-CHF states, existing in TRACE. 

 

 
Figure 1.2: Vertical pre-CHF flow regime (Hyvärinen 2015) 
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Figure 1.3: Horizontal pre-CHF flow regime (Hyvärinen 2015) 

 

 
Figure 1.4: Vertical post-CHF flow regime (Hyvärinen 2015) 
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However, there is still a question how precisely the codes can model and calculate different 

thermal hydraulics phenomena. Therefore, experiments with their output data can help to 

understand whether the code is accurate or not. In addition, the accuracy of a simulation 

depends on professional skills of a modeler and on the completeness and accuracy of the 

information from the experiment. 

 

1.2 Goals of the thesis 
 

A goal of the thesis is to study TRACE code and its application for calculating small breaks 

in a facility. TRACE is a thermal-hydraulic system code developed by the U.S. NRC. The 

code is used for nuclear reactor accident analyses, such as loss-of-coolant accidents (LOCA). 

TRACE is capable to solve one-dimensional time-dependent two-phase flow using six-

equation formalism that allows full thermal and mechanical non-equilibrium between 

phases. 

 

As the facility, PACTEL was chosen. The PACTEL is a model of a VVER-440 type reactor. 

On this facility, several different Small Brake LOCA experiments were carried out. A target 

is to calculate selected tests (SBL-30, SBL-31, SBL-32 and SBL-33) using the TRACE code. 

It is necessary to modify PACTEL input data, which is available at the Nuclear Engineering 

Laboratory, and then implement calculations. The input data is prepared in accordance with 

the SBL test series. After the calculations, the thesis discusses the validation and concludes 

with an assessment of the usefulness and accuracy of the TRACE code in calculating small 

breaks. 

 

1.3 Structure of the thesis 
 

The thesis is divided on three parts. Each part, in turn, includes its own sections with relevant 

information. 

 

The first part, Thesis, describes the PACTEL facility, SBLOCA experiments, the TRACE 

code and a TRACE application for a problem. The facility description contains structure 

components, measurement instruments and an implementation of experiments on the 

PACTEL. The SBLOCA experiments description includes main characteristics, scenario 
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and results. The TRACE code characterization consists of characteristic, physical 

phenomena, limitations, execution details and main field equations used in the TRACE. The 

TRACE application for a problem shows a TRACE model of the facility. 

 

The second part, Results, compares the TRACE simulation results with the experimental 

output data. In addition, results of a PWR-PACTEL experiment simulation is given. 

 

The third part, Discussion and Conclusions, consists of an explanation of TRACE validation 

for the problem and an assessment of the usefulness and accuracy of the TRACE code in 

calculating small breaks. 
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2 THESIS 

 

2.1 PACTEL facility description 
 

In order to completely simulate Soviet design VVER-440 reactor thermal-hydraulic 

reactions during small break loss of coolant accidents (SBLOCAs) and operational transients 

the Parallel Channel Test Loop (PACTEL) was established. The facility was built together 

with Technical Research Centre of Finland VTT Energy and Lappeenranta University of 

Technology (LUT) and is currently operated by LUT. The PACTEL refers to six-loop 

VVER-440 type Pressurized Water Reactor (PWR) at present operating in Loviisa, Finland. 

As a part of the Ministry of Trade and Industry funded Research Programme on Reactor 

Safety (RETU), the Thermal Hydraulic Experiments and Analyses Project (TEKOJA) is 

leading SBLOCA experiments in the PACTEL facility. (Puustinen 1998) 

 

2.1.1 Structure components 

 

The PACTEL facility (see Fig. 2.1) is a 1:305 volumetrically scaled, out-of-pile, full-height 

model of a six-loop Russian design VVER-440 PWR (Tuunanen et al. 1998). Volumetric 

scaling expects that all components volumes have to be equally proportional to the reference 

volumes of PWR. Scaling factor for component heights and elevations is 1:1. The facility 

consists of three primary loops, which are nearly symmetric and have identical volume. Each 

loop equals to two loops in the reference VVER-440. The loop composed of one horizontal 

Steam Generator (SG) with 118 heat exchange U-tubes with inner diameter equal to 13 mm, 

one Primary Coolant Pump (PCP) and two loop seals, in the hot and cold legs. The inner 

diameter of the legs is 52.5 mm each. (Puustinen 1998) 
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Figure 2.1: The PACTEL facility (Kouhia et al. 2012) 

 

The other important systems such as the pressurizer (PRZ) and the main emergency core 

cooling systems (ECCS) was included in the PACTEL. The PRZ surge line links with hot 

leg of Loop 1. Heating and spray systems are included in the PRZ. The height of the PRZ is 

8.8 m with the inner diameter of 139.7 mm. The length of the PRZ surge line is 7.77 m with 

the inner diameter of 27.3 mm. The ECCS consist of accumulator core cooling system 

(ACCS) and high and low pressure injection systems (HPIS, LPIS), furthermore, two 

PACTEL accumulators (ACCUs) corresponds to the four ACCUs in the reference 

VVER-440. The LPIS injects water to the downcomer and to the upper plenum, the HPIS 

injects water to the cold leg of Loop 1 close to the DC. (Puustinen 1998) 

 

The PACTEL core geometry is identical to the reference reactor. The core consists of 144 

electrical heater rods ordered in three parallel channels in triangular grid, thus each channel 

has 48 rods (see Fig. 2.2). The rod diameter is 9.1 mm, lattice pitch is 12.2 mm and heating 

length is 2420 mm, which is the same as in VVER-440 hexagonal bundle fuel rods. A nine-
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step chopped cosine axial power distribution is implemented in the rods. This core has axial 

peaking factor equals to 1.4. The amount and construction of the rod spacers are the same as 

in the reference reactor. The maximum heating power is 1 MW obtained from electric 

supply. This is approximately 22% of the scaled thermal power of VVER-440 (1375 MW). 

(Puustinen 1998) 

 

 
Figure 2.2: Cross-section of the PACTEL core (Tuunanen et al. 1998) 

 

A U-tube construction of the PACTEL consists of upper plenum (UP), lower plenum (LP), 

core and downcomer (DC). Volumes and elevations of components was determined in 

accordance with general scaling factors. The UP is composed of one tube with three 

connections for hot legs. The DC consists of two different parts: the upper part (about 1 

meter high) with a larger diameter due to cold leg connections and the lower part (about 5 

meters high) with scaled diameter. The LP is composed of two separate parts with the same 

diameters. These parts together compound a U-tube lower plenum. There is no bypass 

between the UP and DC. Diffusers in hot and cold connections limit direct flow of ECCS 

water from the ACCS and HPIS to the loops. (Puustinen 1998) 

 

Secondary side of the steam generators has a common steam line connecting the three steam 

generators. After this common steam line the steam is released to the atmosphere. There are 
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separate feed water injection systems for all three steam generators in the secondary side. 

Above the heat exchange tube bundle and in the middle of the bundle in each steam generator 

there are two separate feed water lines. It is possible to control the pressure in all steam 

generators with a separate PI-controller. One of the suitable means to control the pressure is 

to use controller relating to the common steam line. There is possibility to control pressure 

and feed water injection in each steam generator separately, due to this feature experiments 

with asymmetric secondary side behavior can be implemented. (Tuunanen et al. 1998) 

 

The secondary-side volume in the PACTEL steam generators larger than in the reference 

VVER-400 because the distance between steam generator tube rows is doubled. Thus, the 

water volume of the secondary side of one steam generator in the PACTEL facility equals 

to three volumetrically scaled volume of the secondary side of two reference steam 

generators. (Tuunanen et al. 1998) 

 

2.1.2 Measurement instruments 

 

The main measurement instruments in the PACTEL composed of temperature, pressure, 

pressure difference and flow transducers.  

 

K-type (Chromel-Alumel) mineral insulated thermocouples are used to measure the cladding 

temperature of the fuel rod simulators, the fluid temperature and the structure temperature. 

In the core, for measurement of the cladding temperature 105 measurement points exist, for 

fluid temperature between rods – 15, for fluid temperature between shrouds – 6, for shroud 

wall temperature – 9. Thus, in general there are 135 measurement points in the core. In each 

steam generator there are 8 instrumented tubes and they have 6 spots where the temperatures 

are measured. One spot has at least two thermocouples, which measure the primary-side and 

the secondary-side temperature. There are additional 6 wall temperature measurements in 

steam generator I and 3 in steam generator II. There are measurement points for fluid 

temperatures in the primary loops, the inner surface of the primary tubes and other important 

locations as well. (Tuunanen et al. 1998) 

 

There are six pressure transducers in the PACTEL; two transducers in the primary side 

(upper plenum and top of the pressurizer) and four in the secondary side (in all steam 
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generators and in the common steam line). There are 43 differential pressure transducers in 

the PACTEL, which help to determine pressure losses. In addition, it is possible to determine 

collapsed level in the secondary side of the steam generators and the upper plenum and the 

downcomer in the primary side due to the differential pressure transducers. (Tuunanen et al. 

1998) 

 

Flow meters installed in each cold leg of the PACTEL are used to measure primary flow to 

the steam generator. Therefore, it is feasible to know different flows in different loops. In 

addition, there is a venturi nozzle in the downcomer to measure total flow in the facility 

equal to the flow in the core. These flow meters cause additional pressure drops. There is no 

special transducer to measure the break flow in the LOCA experiments. In order to calculate 

this flow a big condensate tank is applied. The flow equals to the mass of gathered coolant 

in the condensate tank divided on the time, during which the coolant was gathered. 

Electromagnetic flow meters measure the flow of ECC water (one flow meter in High 

Pressure Injection, two in the Low Pressure and Accumulator Injection) and feed water to 

the steam generators (three flow meters). Using vortexes, it is feasible to measure steam flow 

rate from each steam generator. The flow meters are capable to measure single-phase liquid 

flow only. (Tuunanen et al. 1998) 

The heating power in the PACTEL core is measured either by power controllers in each core 

section or by means of measured energy consumption during the experiments. The last one 

determines only total heating power in the core. (Tuunanen et al. 1998) 

 

The system pressure in the primary and secondary sides, core power, feedwater and ECC 

water flow rates to the loop and main circulation pump speed are controlled by operators of 

the PACTEL through the process control system. Position of valves (close/open) are 

regulated through the control system as well. (Tuunanen et al. 1998) 

 

2.1.3 Experiments on the PACTEL 

 

PACTEL experiments are implemented with one, either two or three loops in operation. One 

of the possible experiments with only one leg is investigation of seal behaviour in hot leg 

loop during SBLOCAs. Experiments with two loops were performed during construction of 
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the new steam generator. For example, GDE-11, it is the passive safety injection experiment. 

(Tuunanen et al. 1998) 

 

Loop configuration and type of the experiment define experiment procedure. Before the 

experiments, it is necessary to perform calibration of the instrumentation and subsequent 

testing. Hydraulic system codes APROS and RELAP are used for pre-test calculations for 

each experiment.  (Tuunanen et al. 1998) 

 

After these calculations a test specification report with the test descriptions and the test 

procedure are established. The PACTEL operators keep the procedure instructions during 

the experiment. Primary and secondary systems are filled with water and the loop is heated 

to the determined initial conditions. Measurements start after maintaining steady-state 

during one hour. The first measurement data begins with collecting information in a 

steady-state period which is 1000 seconds. The primary loop flow is single-phase and pumps 

force this flow during the steady-state regime. The pressurizer heaters automatically control 

the primary pressure and the secondary-side pressure is controlled by control valve. The 

liquid inventory of the secondary side is maintained constant by feed water pumps. 

(Tuunanen et al. 1998) 

 

After 1000 seconds of steady-state measurement the transient phase starts. In the LOCA 

experiments, the transient phase begins with initiating a brake. The state of the experiments 

is observed by the data acquisition system. (Tuunanen et al. 1998) 

 

According to the experiment instructions or special cases, for example, the core heats up, the 

test is terminated. After the experiments, obtained data is checked for failed measurements 

and then all data is saved. (Tuunanen et al. 1998) 
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2.2 SBLOCA experiments 
 

Four different experiments were implemented on the PACTEL facility in order to investigate 

SBLOCA behaviour: SBL-30, SBL-31, SBL-32 and SBL-33. All three loops and steam 

generators of the facility were in use. Table 2.1 shortly describes each experiment features 

and purposes. In order to examine behaviour of new Large Diameter Steam Generator 

(LDSG) and compare with SBL-7 experiment results, the first experiment (SBL-30) was 

carried out. The second experiment (SBL-31) was executed to prepare the personnel of the 

PACTEL facility for a feed and bleed procedure. It is a process when a SG at a special 

moment need to be filled with water (feed) or to release steam (bleed). This procedure 

influence on pressure of the secondary side. In addition, in SBL-31 experiment the 

performance of the second ACCU was examined. (Puustinen 1998) 

 

Table 2.1. SBLOCA experiments 

Experiment Break size Aims and special conditions 

SBL-30  1.0 mm, 0.04% LDSG behaviour, PRZ isolated, comparison with 
SBL-7 experiment 

SBL-31  2.5 mm, 0.22% Testing of ACCU performance and secondary feed 
and bleed procedure 

SBL-32  2.8 mm, 0.29% Boron dilution mechanism, ACCUs, HPIS and 
secondary feed and bleed 

SBL-33  3.5 mm, 0.44% Boron dilution mechanism, ACCUs, HPIS and 
secondary feed and bleed 

 

The boron dilution is a phenomena which is important in the PWR reactors and the third 

(SBL-32) and fourth (SBL-33) experiments were performed for studying this mechanism. 

However, there was no boron acid in the experiments and the coolant was pure water. 

Nevertheless, the boron dilution mechanism was examined with the help of measurements 

of condensed coolant mass. The condensed coolant is wholly or partially free from the boron 

acid because boron acid does not considerably dissolve in steam, so in the loop there is part 

of the coolant, which differs from the rest. The difference between SBL-32 and SBL-33 only 

in a break size. (Puustinen 1998)  

 

The break was located in the cold leg of the second loop in all four experiments. The break 

size can be changed. In SBL-30 the break size was 1 mm in diameter, this equals to 0.04 % 
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of the cold leg cross-section. In general, the break sizes 0.04-0.44 % in the experiments 

correspond to 0.1-1.5 % in the reference reactor. (Puustinen 1998) 

 

Before implementation of the experiments, both primary and secondary sides were filled 

with water and heated up. The ACCUs were filled to the certain level with water as well. 

The ACCUs pressure was set to 5.5 MPa with nitrogen gas N2 and temperature was 105 oC. 

Feed water temperature was up to 60 oC. (Puustinen 1998) 

 

After reaching the initial conditions, a steady-state period was kept for 2000 s, after this time 

measurement data recording started. Only in SBL-30 steady-state single-phase coolant flow 

was natural, the rest experiments had forced circulation in the loops. The primary pressure 

was approximately 7.4 MPa, secondary – 4.2 MPa. The core heat power was approximately 

160 kW that corresponds to 3.55 % of the reference reactor heating power. Water level in 

the SG was maintained to a constant value – 75 cm. (Puustinen 1998) 

 

The experiments starts with the recording in data acquisition system. All the instrumentation 

channels in each experiment obtained data with interval of 2.5 s. The steady-state period was 

kept for 1000 s. The initial conditions before the break are shown in Table 2.2. (Puustinen 

1998) 

 

The transient started after opening of the break orifice valve. At the same time, PCPs and 

the PRZ heaters were switched off. Moreover, in SBL-30, an isolation valve separated 

primary side with the PRZ as the break was initiated. In SBL-32 and SBL-33 experiments, 

when water level in the PRZ reached level of 2.8 m the HPIS was activated. Since one of the 

aims in these experiments was to investigated a situation with an unavailability or a failure 

of three HPIS pumps, so just one HPIS pump was available. In all experiments, except SBL-

30, a secondary side feed and bleed procedure was implemented at 1800 s after the break. It 

was executed by opening the control valves, releasing steam into atmosphere, and by 

increasing feed water flow. The experiments stopped when the core outlet temperatures 

began to grow or when the primary pressure reached the LPIS set point. (Puustinen 1998) 
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Table 2.2. Initial conditions in the SBLOCA experiments 

Parameter SBL-30 SBL-31 SBL-32 SBL-33 
Primary pressure, MPa 7.31 7.46 7.37 7.31 

Secondary side pressure, MPa 4.19 4.35 4.27 4.26 
ACCU1 /ACCU 2 pressure, 

MPa 
- 5.43/5.45 5.50/5.52 5.36/5.33 

Loop 1/Loop 2/ Loop 3 flow, 
kg/s 

0.44/0.43/0.4
6 

3.06/3.12/3.12 2.84/2.84/2.87 3.06/3.08/3.07 

SG 1/ SG 2/ SG 3 feed water 
flow, l/min 

1.97/0/1.97 1.12/1.08/1.08 1.14/1.19/1.12 2.87/0/0 

Core inlet temperature, oC 257 258 255 255 
Core outlet temperature, oC 269 262 258 258 

Pressurizer level, m 5.20 5.09 4.84 5.07 
SG 1/ SG 2/ SG 3 level, cm 69.2/79.1/78.

3 
67.9/76.4/72.5 72.9/71.8/72.5 72.7/72.3/72.1 

 

2.2.1 SBL-30 experiment results 
 
The general purpose of the SBL-30 experiment was to investigate the Large Diameter Steam 

Generator (LDSG) behavior during a SBLOCA. The SBL-7 experiment, which main task 

was to examine Full Length Steam Generator (FLSG), was performed earlier than almost 

similar SBL-30, thus it was useful to compare these two experiments. The difference 

between the SGs is that the FLSG has a much narrower shell and a lower tube bundle than 

the LDSG. Nevertheless, the bundle heat transfer area in both SGs is approximately the 

same. Main characteristics of LDSG and FLSG are presented in Table 2.3. (Puustinen 1998) 

 

Table 2.3. Main characteristics of LDSG and FLSG 

Characteristic LDSG FLSG 
Max. primary/secondary side pressure, MPa 8.0/5.0 8.0/4.65 
Number of heat exchange tubes 118 38 
Heat exchange tube diameter, mm 16x1.5 16x1.5 
Pitch in vertical/horizontal direction, mm 48/30 24/30 
Number of tubes rows 14 9 
Average tube length, m 2.8 8.8 
Tube bundle heat transfer area, m2 16.50 16.65 
SG shell diameter/length, m 1.0/2.27 0.40/5.04 

 

The order of the main events is listed in Table 2.4 and one of the main measurements are 

drawn in Figs. 2.3-2.6. 
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Table 2.4. Main events in SBL-30 

Time, s Event 
1000 Blowdown initiated, PRZ isolated, PRZ heaters switched off 
3360 Loop flows stagnated, primary pressure build up started 
3665 Loop seals cleared, flows resumed 
3350 Core power off 
3430 Core power on 
3470 Core power off 
3640 Core power on 

10170 Void at the top of the DC 
11010 Break flow changed from single-phase to two-phase flow 
12150 Core heat up first observed 
12301 Cladding temp. exceeded 300 C, experiment terminated 

 

The Fig. 2.3 presents that after starting of the break the primary pressure immediately 

decreased to saturation. After this, during 1900 s a single-phase natural circulation 

transferred heat from the core to the SGs with approximately constant pressure. Because of 

the fact that the system continued to lose the coolant, the level of water in the core was not 

enough to continue the single-phase flow, i.e. there was no coolant in front of the hot leg 

entrance elevation. It is clearly illustrated in Figs. 2.4 and 2.5. Thus, the heat exchange 

stopped and, because of this, the primary pressure increased to high values. In order to 

prevent an opening of relief valves and following loss of coolant, the core power was turned 

off and on several times.  

 

 
Figure 2.3: Primary and secondary side pressure in SBL-30 
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Figure 2.4: Downcomer flow in SBL-30 

 

 
Figure 2.5: Collapsed levels in UP and Downcomer in SBL-30 
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Figure 2.6: Hot leg loop seals downflow side levels in SBL-30 (Puustinen 1998) 

 

At the moment 3665 s, in the hot leg loop seals the coolant was in the bottom, so called loop 

seal clearing happened, and steam began to reach SGs through the loop seals. Due to the heat 

exchange in the SGs, the steam condensed and it caused the primary pressure drop. After 

this manometric imbalance occurred. As a result of this, the coolant level in the UP reached 

the hot leg and water partially filled the loop seals in hot legs 1 and 3 (Fig. 2.6). Reverse 

flow of condensate from SGs took part in this loop seal refilling. The flow partially resumed 

in loop 1, loop 3 stayed stagnated. The great part of the flow leaked through loop 2, because 

it was open for an intense water and steam mixture during 1750 s. The depressurization due 

to the break was maintaining all time, so after the loop seal clearance the primary pressure 

decreased to the point slightly above the secondary side pressure.  

 

The loop seal clearance in hot legs 1 and 3 happened again at 5415 s. During the next 2500 s 

several consistent loop seal refills with coolant and clearings was occurring. This can be 

observed in Fig. 2.6. The upper plenum level behavior (Fig. 2.5) illustrates it as well. After 

8400 s and to the end of experiment the coolant flow changed from two-phase to single-

phase mode. It happened because of insufficient water level in the UP. 
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The water level of the top of the DC was decreasing (Fig. 2.5) and at 11010 s the break flow 

became two-phase. After this, at 12150 s, the experiment was terminated because the top of 

core became uncovered with water. 

 

2.2.2 SBL-31 experiment results 

 

The SBL-31 experiment was carried out in order to examine behaviour of the new ACCU 

for DC. An additional purpose of the experiment was to train personnel to conduct the feed 

and bleed procedure with a SG, which was a preparation for the next two, SBL-32 and SBL-

33, experiments. The personnel had task to regulate secondary side pressure control valves 

in a special way in order to repeat a curve shape of the secondary side pressure in the 

reference reactor during a bleeding phase. In Table 2.5 main events are listed.  

 

Table 2.5. Main events in SBL-31 

Time, s Event 
1000 Blowdown initiated, Pumps stopped, PRZ heaters switched off 
1231 PRZ empty 
1715 ACCU injection started 
2800 Secondary feed and bleed started 
3925 Shut-off valve in ACCU 2 line closed (level set point reached) 
4015 Shut-off valve in ACCU 1 line closed (level set point reached) 
4430 Break flow changed from single-phase to two-phase flow 
10000 Primary pressure under LPIS head, experiment terminated 

 

In the SBL-31 experiment, in contrast to the SBL-30 experiment, the PRZ was not isolated 

from the primary side. In this case, the reducing water level was observed. Figs. 2.7-2.12 

illustrates general measurements in the experiment. It is important to notice that downcomer 

flow and level measurements are not valid when the main circulation pumps are running 

during 0 - 1000 s. The measurement set value of the flow meters has been set to a low range 

for a natural circulation regime, thus in a forced circulation regime flow meters show wrong 

values. In addition, during the forced flow period large dynamic pressure distorts the 

pressure difference measurement leading to false values in the level measurement. In the 

Fig. 2.7 several peaks are shown and time of these coincides with flow stagnation illustrated 

in the Fig. 2.8. The flow absence in the primary circuit causes stopping of the heat exchange 

between the core and the secondary side, because of this, the primary pressure rises. In the 
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Fig. 2.9 behaviour of hot leg loop seals downflow side. The flow stagnation caused loop seal 

clearance and soon the steam in the SGs condensed inducing a pressure drop. The pressure 

drop in turn provoked ACCUs injection that helped to refill the hot leg loop seals with water 

(Fig. 2.10). In addition, the ACCU injection to the UP caused pressure drop by condensation 

of the steam. (Puustinen 1998) 

 

 
Figure 2.7: Primary and secondary side pressure in SBL-31 

 

 
Figure 2.8: Downcomer flow in SBL-31 
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When a flow from the ACCUs decreased, the loop seal cleared again due to constant leak of 

the coolant through the break. The pressure rose and dropped again resuming the natural 

circulating flow. The pressure jumps repeated until the ACCUs collapsed water level 

descended to exact value determined in the experiment. At this level, ACCUs valves were 

closed. Because of ACCU shut down, the system water level reduced below the hot leg 

entrance and did not rise higher during the rest part of the experiment (Fig. 2.11). 

(Puustinen 1998) 

 
Figure 2.9: Hot leg loop seals downflow side levels in SBL-31 (Puustinen 1998) 

 

At 2800 s the personnel started to implement feed and bleed procedure on the secondary 

side. Since at this moment the loop flow was two-phased, the condensation of the steam 

caused a primary pressure drop. The primary pressure drop continued until approximately 

3000 s, then the ACCUs started to inject water in the system and the loop flow became 

single-phased. At this moment, the primary pressure stopped decreasing significantly, as the 

secondary side pressure continued to decrease. Approximately at 4000 s the ACCUs were 

shut down and then the last hot leg loop clearance happened with following refilling. After 

this, the primary pressure began to follow the secondary side pressure with a small gap, thus 

the secondary side feed and bleed procedure started to be productive. The reason of this is 

the two-phased flow in the loops after approximately 4400 s. The heat transfer during steam 

condensation is more effective than with single-phase flow convection, moreover, the steam 

condensation causes a pressure drop. After roughly 7000 s the heat transfer regime became 
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pure boiler-condenser due to the level of the system started to diminish constantly below the 

hot leg entrance. 

 
Figure 2.10: Accumulator levels in SBL-31 

 

 

 
Figure 2.11: Collapsed levels in UP and Downcomer in SBL-31 
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Figure 2.12: Downcomer flow rate vs inventory in SBL-31 (Puustinen 1998) 

 

One fact is noticeable, the behaviour of the downcomer flow during the whole SBL-31 

experiment. Fig. 2.8 shows that the flow significantly increased at approximately 4400 s and 

5900 s. At these points, loop seals cleared, at 4400 s – 1 and 2 loop seals and at 5900 s – 3 

loop seal. Thus, the DC flow rate had a larger value in the two-phase flow regime than in 

single-phase. Puustinen (1998) described explanations of this phenomenon. Only in SBL-31 

the DC flow rate was high in the two-phase flow mode. One of the reason was low primary 

pressure in the two-phase regime in comparison with SBL-30, SBL-32 and SBL-33 

experiments. Natural circulation flow rate depends on density difference between cold and 

hot sides, the lower the pressure, the larger the density difference. Therefore, the DC flow 

rate was larger due to the high coolant density gradient between cold and hot legs. The break 

size gave a reason as well. Heat sink through the break reduces the heat transfer between the 

primary and the secondary sides, thus, the DC flow is not high. Following sections 2.2.3 and 

2.2.4 describes SBL-32 and SBL-33 experiments correspondingly, and according to all 

experiments from the SBL series, the break size of SBL-31 experiment was bigger than in 

only SBL-30 experiment. However, in SBL-30 there was not feed and bleed procedure, thus, 
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the secondary side pressure, and so the primary pressure, was greater. As explained above, 

the larger pressure the lower natural circulation flow, as a result, the DC flow in SBL-30 

experiment was smaller. 

 

2.2.3 SBL-32 experiment results 

 

In SBL-32 experiment, the main purpose was to investigate the boron dilution phenomena 

in a cold leg during the loss of coolant. The boron dilution occurred when the steam 

condensed in the SGs, thus, the main target was to examine boiler-condenser heat transfer 

regime in time when the hot leg loop seal clearance happened. The condition of the hot leg 

loop seals was checked by their collapsed water levels, calculated with help of differential 

pressure measurements. 

 

Table 2.6 shows the order of the general events. The general measurements are illustrated in 

Figs. 2.13-2.18. It is important to notice that downcomer flow and level measurements are 

not valid when the main circulation pumps are running during 0 - 1110 s. 

 

Table 2.6. Order of general events 

Time, s Event 
1100 Blowdown initiated, Pumps stopped, PRZ heaters switched off 
1180 HPI initiated (PRZ level < 2.8 m) 
1305 PRZ empty 
1345 ACCU injection started 
2320 Primary pressure equals secondary side pressure 
2900 Secondary feed and bleed started 
4315 Shut-off valve in ACCU 1 line closed (level set point reached) 
4435 Shut-off valve in ACCU 2 line closed (level set point reached) 

4820-5040 Hot leg 2 loop seal clear 
4950-6050 Hot leg 1 loop seal clear 
6050-6500 Hot leg 3 loop seal clear 

6500 Primary pressure under LPIS head, experiment terminated 
 

During the experiment only one flow stagnation and one pressure jump occurred, it is clearly 

illustrated in Figs. 2.13 and 2.14. After the break initiation, the primary pressure started to 

decrease rapidly until saturation state. The ACCUs were open all time after initiation of 

water injection until ACCUs levels reached definite values (Fig. 2.15). After approximately 

2300 s the primary pressure began to repeat the secondary side pressure because of that heat 
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transfer changed direction – the primary side started received the heat, and then at 3000 s 

they separated. 

 

 
Figure 2.13: Primary and secondary side pressure in SBL-32 

 
 

 
Figure 2.14: Downcomer flow in SBL-32 
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After 2900 s the secondary side feed and bleeding started and the heat transfer changed 

direction to the previous state. As the pressure of the secondary side decreased, the 

temperature of the steam and water in SGs diminished, as a result of this the temperature of 

the coolant in the cold legs declined and the density difference rose. In Fig. 2.14 at 3000 s 

peak of the DC flow occurred because of condensation of steam collected during the heat 

transfer from the secondary side and the density difference, mentioned earlier. Since the 

primary pressure rapidly reduced, the big amount of cold water from ACCU poured to the 

UP, it reduced the density difference and so the DC flow. 

 

 
 

Figure 2.15: Accumulators level in SBL-32 
 

 
 

Figure 2.16: Collapsed levels in UP and Downcomer in SBL-32 
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The pressure peak occurred after ACCU was closed. The water level of UP reduced that led 

to the loop seal clearance. After loop seal refilling the primary pressure followed the 

secondary side pressure. 

 

 
Figure 2.17: Collapsed levels in hot leg loop seals in SBL-32 (Puustinen 1998) 

 
 

 
Figure 2.18: Loop flows in SBL-32 (loop 1 signal not valid before 3000 s) 
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As illustrated in Figs. 2.17 and 2.18 boiler-condenser heat transfer mode was not fully 

reached since the loop seals were not totally cleared in the end. This means that boron 

dilution was not so significant to consider it. The duration of the partial boiler-condenser 

regime was not long enough. 

 

As a result, in comparison with the SBL-31 experiment, the larger break size and HPIS did 

not considerably change the pressure behavior. However, the pressure peaks in SBL-32 were 

less than in SBL-31, since the HPIS helped to hold the UP water level higher than the hot 

leg entrance. 

 

2.2.4 SBL-33 experiment results 

 

The main goal of the SBL-33 experiment was to study the boron dilution phenomena in a 

cold leg during the loss of coolant, same as in SBL-32, but the break size was a 3.5 mm. 

The order of the general events is shown in Table 2.7. 

 

Table 2.7. Order of the general events 

Time, s Event 
1000 Blowdown initiated, Pumps stopped, PRZ heaters switched off 
1060 HPI initiated (PRZ level < 2.8 m) 
1140 PRZ empty 
1425 ACCU injection started 
1580 Primary pressure dropped below secondary side pressure 
2800 Secondary feed and bleed started 
3050 Shut-off valve in ACCU 1 line closed (level set point reached) 
3140 Shut-off valve in ACCU 2 line closed (level set point reached) 
3230 Hot leg 1 and 2 loop seal clear 
3540 Hot leg 3 loop seal clear 
4170 Void at the top of the DC 
4205 Break flow changed from single-phase to two-phase flow 
6500 Primary pressure under LPIS head, experiment terminated 

 

Figs. 2.19-2.25 illustrates important measurements. It is important to notice that downcomer 

flow and level measurements are not valid when the main circulation pumps are running 

during 0 - 1450 s. During single-phase flow only one pressure peak occurred (Figs. 2.19 and 

2.20) and the ACCUs injection did not start yet (Fig. 2.21). Only after the hot leg loop seal 
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refilling the ACCUs injected water. The HPIS and the ACCUs kept single-phase flow in the 

facility. (Puustinen 1998) 

 

 
Figure 2.19: Primary and secondary side pressure in SBL-33 

 

 
Figure 2.20: Downcomer flow in SBL-33 
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Approximately at 1500 s the heat transfer changed direction. Later, the secondary feed and 

bleed procedure changed the heat transfer back at 3220 s and the primary pressure started to 

follow the secondary side pressure curve. 

 

 
Figure 2.21: Accumulators level in SBL-33 

 
Figure 2.22: Loop flows in SBL-33 
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After the ACCUs shut down loop seal clearance happened in hot legs 1 and 2. However, it 

did not bring pressure peaks or flow stagnations. Later the hot leg 3 was cleared as well and 

all hot leg loop seals were cleared till the end of the experiment. Since the break was large 

in comparison with the previous experiments, the duration of two-phase circulation was 

short. 

 

 
Figure 2.23: Collapsed levels in UP and Downcomer in SBL-33 

 

 
Figure 2.24: Collapsed levels in hot leg loop seals in SBL-33 (Puustinen 1998) 
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At 4170 s the DC flow, and later the break flow, became two-phase. As a result, the DC and 

UP water levels decreased, but then they started to rise slowly.  

 

 
Figure 2.25: Collapsed levels in cold leg loop seals in SBL-33 (Puustinen 1998) 

 

Fig. 2.22 illustrates flow surges in cold legs 1 and 2 at the last 2000 s. The flow was 

two-phased, so Fig. 2.24 does not show real values as a flow meter measured only liquid 

phase. These flow surges and Fig. 2.25 shows that loop seal clearance happened in cold legs 

1 and 2. Loop seal refilling occurred mostly because of condensate generated in the SG tubes. 

The steam pushed the condensate from the hot legs. However, this process did not happen 

so often. 

 

The boron dilution phenomena occurred from 3230 s onwards, when the hot leg loop seal 

clearance took place and later the boiler-condenser heat transfer regime was set.  
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2.3 Computer code description 
 
2.3.1 Overview of TRACE 
 

The TRAC/RELAP Advanced Computational Engine (TRACE is formerly named 

TRAC-M) is one of reactor system codes designed with the help of the United State Nuclear 

Regulatory Commission (NRC) for investigation of LWR neutronic-thermal-hydraulic 

behaviour. The NRC is an independent agency established in 1974 in the U.S. The NRC’s 

main aim is to provide the safe use of radioactive materials and to regulate commercial 

nuclear power plants (Nrc.gov 2015b). Therefore, TRACE was developed in order to analyze 

different accident scenarios on nuclear power plants (NPPs). Loss-of-coolant accidents 

(LOCAs) in pressurized water reactors (PWRs) and in boiling water reactors (BWRs) is one 

of TRACE’s interests. The code is able to model processes on experimental installations 

constructed to analyze transients in reactor systems. Models used include multidimensional 

two-phase flow, nonequilibrium thermo-dynamics, generalized heat transfer, reflood, level 

tracking, reactor kinetics, automatic steady-state, dump and restart capabilities (Bajorek et 

al. 2007a). 

 

Finite volume numerical methods are used to solve two-phase flow and heat transfer 

differential equations. Semi-implicit time discretization scheme is used in order to solve the 

heat transfer equation. A multi-step time discretization procedure is applied in the 

fluid-dynamics equations for one-dimensional (1D) and three-dimensional (3D) elements. A 

system of nonlinear equations describes hydrodynamic phenomena in components, The 

Newton-Raphson iteration method is applied for solving the system. (Bajorek et al. 2007a) 

 

TRACE models a reactor system by components, which reproduce behavior of the reactor 

system parts. Each component consists of physical volumes, so-called cells, where fluid, 

conduction and kinetics equations are averaged in space. A modeler decides how precisely 

to replicate the reactor system by himself, there is no limit in volumes and number of 

components. Time and computer resources are limits of problem size, the larger a system of 

the components the more complicated calculations.  
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There is a list of reactor hydraulic components in TRACE. PIPEs model tubes in the reactor 

system, for instance hot and cold legs. PLENUMs replicate upper and lower plenums, 

PRIZERs – pressurizers. BWR fuel channels are modeled by CHANs. In order to force flow 

to stream TRACE has PUMPs and JETPs (jet pumps). There are SEPDs (separators) for 

BWR or steam generator models, TEEs, TURBs (turbines), HEATRs (heaters for 

feedwater), for instance in SG’s secondary side, CONTANs (containment), VALVEs and 

VESSELs. Two-dimensional conduction and surface-convection heat transfer can be 

modeled by HTSTR (heat structure) and REPEAT-HTSTR both in Cartesian and cylindrical 

geometries. So it is feasible to implement model of fuel elements, heated walls and heat 

losses as well. The source of energy is replicated by component POWER, for example fuel 

elements or pressurizer heaters, and energy is transferred to the fluid via the HTSTR. Energy 

can be delivered to the fluid directly by FLPOWER. RADENC is capable of radiation heat 

transfer. Component FILL is used to inject the fluid in the reactor system with specified 

flow, pressure and temperature. BREAK component initiate leak from the system. Together, 

FILL and BREAK, can be used in order to create flow in unclosed structure, FILL plays role 

as an inlet and BREAK – as an outlet. EXTERIOR components implement the development 

of input models designed to exploit TRACE’s parallel execution features. (Bajorek et al. 

2007a) 

 

The neutronic and thermal-hydraulic processes complexity of the calculating, the limited 

maximum timestep size and large amount of mesh cells influence on the code’s computer 

implementation time. In order to increase allowable maximum timestep size in slow 

transients TRACE has possibility to use the stability-enhancing two-steps (SETS) numerics 

in hydraulic components. Therefore, calculation of slow-developing accidents and 

operational transients can be accelerated. (Bajorek et al. 2007a) 

 

2.3.2 TRACE characteristics 
 

Multi-Dimensional Fluid Dynamics 

TRACE can simulate three dimensional Cartesian or cylindrical geometry flow, for instance 

inside the reactor, SG and other components with 3D processes. Components with 3D 

phenomena in model are called VESSEL. Primary loops can be modelled with the help of 

PIPE and TEE components, which are implemented in one-dimensional geometry. Thereby, 
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together 1D and 3D components are able to represent the reactor system without 

assumptions, which lead to inaccuracy. It helps in LOCA with ECC downcomer penetration 

during a break, with refill and reflood periods. Multidimensional effects in plenum and core 

flow effects, UP pool creation and reflood of the core can be implemented in TRACE as 

well. (Bajorek et al. 2007a) 

 

Non-homogeneous, Non-equilibrium Modeling 

A six-equation group of two-fluid hydrodynamic model allows to consider gas and liquid 

flow separately. Therefore, complicated process, such as counter current flow (CCF), can be 

taken into account as well. A stratified flow mode, noncondensable gases, solubility process 

included in TRACE give possibility to model complicated cases. (Bajorek et al. 2007a) 

 

Flow-Regime-Dependent Constitutive Equation Package 

The set of the thermal-hydraulic equations includes mass, energy and momentum transfer 

equations which characterize interaction between liquid and gas phases and heat transfer 

from components to them. The Flow-Regime-Dependent Constitutive Equation Package in 

TRACE includes flow modes that help to calculate these equation more precisely. (Bajorek 

et al. 2007a) 

 

Comprehensive Heat Transfer Capability 

TRACE is able to provide heat transfer analyses of the components in detail. Heat transfer 

in metal component is calculated in accordance with two dimensional conduction heat 

transfer. Dynamic fine-mesh rezoning in heat conduction within reflood process simulates 

the heat transfer characteristics of quench fronts. Flow-regime-dependent heat transfer 

coefficients (HTCs) collected from boiling curve, built up with local conditions and history 

effects, helps to calculate heat transfer from the fuel and other components. Heat transfer via 

convection and a tabular or point reactor kinetics with volumetric power source can be 

simulated. 1D and 3D reactor kinetics are modeled with the help of the Purdue Advanced 

Reactor Core Simulator (PARCS) program. (Bajorek et al. 2007a) 

 

Component and Functional Modularity 

The code allow to reproduce any reactor design, including PWR, BWR and different 

experimental facilities, as a result, TRACE can be applied in various cases. Input data 
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determines components’ characteristics in a calculation. Component modules can be 

changed, improved or added as well. The TRACE component modules described above 

allow to simulate desirable processes.  (Bajorek et al. 2007a) 

 

Trace also has functional modularity that allows to perform calculations in separate modules. 

For instance, solution algorithms for 1D hydrodynamics, wall temperature area, HTC 

selection and other functions that can be divided into separate routines. Such modularity 

refines the code because of availability of improved correlations and test information. 

(Bajorek et al. 2007a) 

 

2.3.3 Physical phenomena in TRACE 
 

Different physical phenomena, which are relevant in small and large breaks LOCA, can be 

simulated in TRACE. For example, ECC DC penetration and bypass, CCF and hot walls, LP 

refill, bottom reflood and falling film quench fronts, 3D flow in the core and plenums, pool 

formation and CCF at the upper core support plate area, pool formation in the UP, steam 

binding, monitoring of water levels, recording of average and hot rods temperature, hot leg 

and upper head injection of ECC, subcooled ECC water injection without additional creating 

of mixing zones, critical flow, loss of liquid in reflood process, reaction between water and 

metal, water hammer and stretch effects, loss of pressure due to wall friction, horizontal 

stratified flow with reflux cooling, gas or liquid separation, evaporation and condensation 

with noncondensable gas presence, tracing of dissolved solute in liquid flow, reactivity 

feedback in power kinetics, reversible and irreversible losses of pressure in flow, offtake 

flow of a tee side channel (Bajorek et al. 2007a). 

 

2.3.4 Limitations in TRACE 
 

There are restrictions for TRACE, which make the code not appropriate for definite cases. 

TRACE is suitable to examine behavior of the Economic Simplified Boiling Water Reactor 

(ESBWR), PWR and BWR large and small break LOCAs. Neither BWR stability 

examination nor operational transients are performed in TRACE. (Bajorek et al. 2007a) 
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Transfer of momentum at an allocated level in some special elements cannot be modeled in 

the TRACE code. For instance, the fluid dynamics in plenum, connecting pipe, any flows in 

pipes where radial velocity distribution is not even.  

 

Transients with considerable asymmetric changes in the reactor core power are not able to 

be modeled in TRACE. For example, control rod ejection in the core. However, it can be 

realized in combination with the PARCS module. In addition, neutronics are applied with 

point reactor kinetics model including reactivity feedback and in special cases, such as 

ejection of a control rod, the local neutron reaction cannot be designed. 

 

Observing of thermal stratification of the liquid in transients in the one-dimensional 

component is not possible to realize as well. The VESSEL component, when horizontal 

stratification is not clear, can calculate the thermal stratification of liquid merely in the 

modeling of its 3D noding. (Bajorek et al. 2007a) 

 

Circulation in an open region cannot be modeled in TRACE, even if mesh size is set smaller 

than size of this open region.  

 

Temperature gradients in components are incapable of evaluating the stress and strain 

effects. TRACE does not specifically replicate fuel rod gas gap closing due to thermal 

expansion or material bloating. TRACE can play role as a supporter for special tools in 

solving cases such as pressurized thermal shock. (Bajorek et al. 2007a) 

 

Viscous heating conditions in the fluid is mainly neglected, except the PUMP component 

which describes warming of fluid by the pump rotor spinning.  

 

Inaccuracy in the interface and wall heat flux conditions leads to faults in calculations of 

such processes as natural circulation flow stagnation because of collapse of a steam bubble 

in a candycane of Babcock & Wilcox pressurized reactor system (B&W), or characteristics 

of steam condensation at the core makeup tank water surface of pressurized water reactor 

AP1000. (Bajorek et al. 2007a) 
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2.3.5 Execution details 

 

TRACE is a thermal hydraulics computational system for modeling nuclear power facilities 

and various two-phase flow loop installations. Before running calculations of the model, 

describing processes on a facility input file should be created. In this input file experimental 

model repeat the real facility characteristics, such as geometry (volumes, length, areas, 

angles, thickness, etc.), fluid state (temperature, pressure, etc.), reference tables, control 

system, numerical initiators. Thus, all initial data with special conditions are described and 

saved in input data. (Bajorek et al. 2007a) 

 

There are three general stages in TRACE calculation; they are input processing, initialization 

and solution (Fig. 2.26). The first stage of a calculation is input processing where TRACE 

reads and examines an input file on proper format and presence of all necessary information 

for the further calculation. After the input processing, comes the initialization stage. At this 

point, TRACE implements data recording for checking that data is managed duly during the 

solution. In addition, the code at this stage examines initial and boundary conditions are 

noncontradictory.  

 

 
Figure 2.26: Stages of a TRACE calculation 

 

At the third stage of the calculation, TRACE performs the actual solution procedure. The 

calculation is implemented in small increments – timesteps. End of the calculation may occur 
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because of several reasons. The first reason is that the code reaches end of problem in time 

specified by the input data. The second, a steady state is obvious, but it is only in problems 

defined as steady state. The last reason is that a fatal error occurred because of reaching some 

troubles during the calculation. 

 

TRACE is able to execute as serial so parallel calculations. The serial execution means that 

a computer calculate only one input-output process step by step. As regards the parallel 

execution, the computer deals with several input-output processes at the same time. During 

the calculation of the parallel execution, the processes exchange data with each other. 

TRACE can function in the parallel mode as with other TRACE programs so with one or 

more other different codes. TRACE is not able to perform more fine grained parallel 

procedures such as threading or High Performance Fortran (HPF), where certain code lines 

are tuned to function with multiple processors. However, shared memory between several 

computers can be useful at this point, but the coarse-grained feature of the TRACE procedure 

puts specific limitations. (Bajorek et al. 2007a) 

 

 One of examples of multi task mode can be the TRACE calculation of a double ended 

guillotine break of cold leg in a primary side of a full sized nuclear power plant together with 

a CONTAIN calculation of the state inside the containment. During the calculations TRACE 

and CONTAIN exchange data. The CONTAIN calculations receives information about mass 

and enthalpy from the TRACE calculations, in turn, the TRACE procedure obtains pressure 

and temperature values from CONTAIN. (Bajorek et al. 2007a) 

 

2.3.6 Main field equations 
 

In order to model two-phase flow TRACE uses the fluid field equations with numerical 

approximations. Each phase of the two-phase state is described by Navier-Stokes equations, 

and with jump conditions between the phases it is possible to obtain the equation set which 

is applied by TRACE. Time averaging is useful to simplify two-phase conservation 

equations. These equations are suitable as for one so three-dimensional phenomena in the 

flow model. (Bajorek et al. 2007b) 
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Mass, energy and momentum conservations for the gas and liquid built set of basic 

two-phase field equations. Thus, steam and water flows can be modeled by this set of 

equations which include six partial differential equations (PDEs). There is possibility to take 

into account noncondensable gas, which is applied in reactor safety analysis. TRACE 

assumes that gas and steam mixture at any place have the same velocity and temperature. 

Therefore, single energy and momentum equations are applied for the gas mixture. In order 

to determine the corresponding steam and noncondensable gas concentrations separate mass 

equations are used. During standard LOCA experiments, nitrogen and air can penetrate in 

the primary coolant from the ACCUs and the containment correspondingly. Since nitrogen 

and air have resembling characteristic it is possible to consider the noncondensable gas as 

air and add only one mass equation to the PDEs. If it is necessary nitrogen or other 

noncondensable gases, for instance hydrogen, can be considered separately from air and so 

additional mass equations should be added. (Bajorek et al. 2007b) 

 

Boron concentration can be considered in the model as well, at this point, additional mass 

equation of boric acid should be added. As the amount of boric acid is typically not so big, 

TRACE neglects the boric acid momentum equation and thermodynamic or physical 

characteristics contribution. The code is capable of boron tracing by applying a model for 

boric acid solubility. To introduce another solute, the default solubility curve should be 

added. 

 

TRACE can invoke a quasi-steady method to the heat transfer between the fluid and the wall, 

the closure relations for interphase and wall-to-fluid heat transfer and drag. In this method 

the local fluid parameters are considered to be known and time dependence is neglected. As 

a result, there is no need to know previous state of a given transient and so the calculations 

are simplified. 

 

Equations 1-6 describe time averaging of the single phase liquid and gas conservations of 

mass, energy and momentum and interface jump term as well. Overbar in the equations 

means a time average, α – probability that a node is in gas, Г, Ei and Mi characterize the 

influence of time averaged interface jump terms to transfer of mass, energy and momentum 

respectively, q’ – conductive heat flux, qd  – direct heating from the radioactive decay, 
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T – full stress tensor, subscripts g and l refer to gas and liquid respectively. (Bajorek et al. 

2007b) 

 

Time Averaged Mass Equations 
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where  is a density, t is time, Γ is an interfacial mass transfer rate (positive from liquid to 

gas), V is a velocity. 

 

Time Averaged Energy Equations 

 

        

      dlilllll

llll
lll

qEVgVq

VVe
t

Ve





 





 



 





 









11'1

2/1
2/-1 2

2

Τ
 , (3) 

 

 

    

dgiglggg

gggg
ggg

qEVgVq

VVe
t

Ve





 





 









 










Τ'

2/
2/ 2

2

,   (4) 

 

where e is internal energy, q is a heat-transfer rate per unit volume, g is a magnitude of the 

gravity vector. 
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Time Averaged Momentum Equations 
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where i means interfacial. 

 

Splitting the velocities into average and fluctuating parts and Reynolds averaging in the 

equations give expressions including turbulence phenomena. However, parts from the 

Reynolds stress and other terms of the equations should be revised in accordance with 

engineering correlations in order not to include all records from classic turbulence 

expression. The term q’ in the energy equations in revised form contains energy flux due to 

turbulent diffusion. The products of mass transfer rate and interface stagnation enthalpy 

(Γh’υ and Γh’l) constitute energy, which is carried with mass transportation at the interface. 

Work implemented by shear stress and by interfacial force W, and due to the pressure terms 

in the stress tensor composes total work done on the fluid. Thus, there are four revised 

equations (7-10). (Bajorek et al. 2007b) 

 

Revised Time Average Energy Equations 
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where P is fluid pressure or total pressure, υ means water vapor, h’υ is vapor enthalpy of the 

bulk vapor (vapor is condensing) or the vapor saturation enthalpy (liquid is vaporizing), h’l 

is liquid enthalpy of the bulk liquid (the liquid is vaporizing) or the liquid saturation enthalpy 

(vapor is condensing). (Bajorek et al. 2007b) 

  

The viscous shear stress parts in the revised momentum equations are combined with the 

Reynolds stress into a common tensor R, thus pressure in the revised momentum equations 

is separated from the stress tensor. 

 

Revised Time Average Momentum Equations 
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There are approximations realized in the TRACE flow, which simplify these equations 

taking into account a volume averaged form. Primarily all parameters are treated as time 

averages without any volume averaging and only then, the conservation equations are 

volume averaged. The next equations (11-16) represent general form of the main field 

equations in TRACE. (Bajorek et al. 2007b) 

 

Volume Averaged Mass Equations 
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Volume Averaged Energy Equations 
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Volume Averaged Momentum Equations 

 

          illlll
ll MgVV

t
V








111

1
R ,  (15) 

 

    iggggg
gg MgVV

t
V








R .    (16) 

 

Series of approximation are made in order to convert these equations in the forms convenient 

for solving different cases. The first approximation is that the volume average of a product 

is equal to the product of volume averages. This kind of approximations is suitable only for 

turbulent flow as it has plane profile for the most part. Flows, such as laminar, with rising 

droplets, falling film on a well and certain vertical slug flows, present issues. (Bajorek et al. 

2007b) 

 

The second approximation is that heat fluxes occur merely from wall heat and within 

interface region. Thus, the code forbids heat conduction in the fluid and, thereby, special 

cases, for example B&W reactors with candycane hot leg, fast breeding reactors with liquid 

metal as a coolant, cannot be accurately modeled in TRACE.  
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The third approximation allows only stress tensor because of shear at a metal surface or 

interface region within the averaging volume. In this case, shear between flows in nearby 

averaging volumes is excluded. 

 

The fourth approximation ignores viscous heating in each component except pump, 

where a pump rotor heats the liquid. Heating source term qdl takes into account this 

phenomenon. 

 

Because of the first approximation, overbars are removed and all state variables have time 

and volume averaging. In this case, α changes its meaning to a void fraction, part of the 

averaging volume filled with gas. The terms qil and qig (W/m3) signify heat that is transported 

from the interface to liquid and to gas respectively, the terms qwl and qwg (W/m3) signify heat 

transported from components’ wall to the liquid and to the gas respectively. These 

expressions can be obtained from correlations received from the steady state data and change 

the right sides of Equations 13 and 14 

 

   wlill qqq  '1  ,     (17) 

 

   wlill qqq  '1  .     (18) 

 

The third approximation changes the right sides of Equations 15 and 16, the new momentum 

equations have form: 
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where fi is the force per unit volume because of shear at the interface region, fwl is the wall 

shear force per unit volume affecting on the liquid, , fwg is the wall shear force per unit 

volume affecting on the gas, Vi is the flow velocity at the interface region. 
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The fourth approximation together with the force terms converts the energy equations in a 

new form: 
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The mass equations changes a form as well applying the same comments as for 

Equations 19-22: 
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Normal thermodynamic correlations and relations for phase transition, heat source and force 

terms help to reach closure for Equations 19-24.  

 

A thermal energy jump relation, so called a heat conduction limited model, describes the 

interfacial mass transfer rate: 
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where the terms qil and qig, heat per unit volume that is transported from the interface to 

liquid and to gas respectively, are expressed as 
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 lsiilil TTahq        (26) 

 

and 

 

 
 TTah

P
Pq siigig  ,    (27) 

 

where ai is the area of interface region per unit volume, hig and hil are HTCs in the interface 

region between the gas and the liquid, Tsυ is the temperature at the saturation point with the 

corresponding partial pressure Pυ of the steam. 

 

The terms qwl and qwg, heat per unit volume transported from a wall to the liquid and to the 

gas respectively, can be described using Newton’s law: 

 

  wwllwwwlwl aqTTahq ' ,     (28) 

 

and 

 

  wwggwwwgwg aqTTahq ' ,    (29) 

 

where aw is the area of the heated surface per volume of fluid. The hwl and hwg, effective wall 

HTC to the liquid and to the gas respectively, involve the information about the share of the 

wall possessing liquid and gas contiguity. 

 

The force terms fi, fwl and fwg, describing interphase and wall frictions for the liquid and the 

gas, can be presented in a form using friction coefficients Ci, Cwl and Cwg: 

 

  lglgii VVVVCf  ,     (30) 

llwlwl VVCf  ,      (31) 

 

ggwgwg VVCf  .      (32) 



54 
 

 

Equation 30 has two assumptions for the interfacial force. The first assumptions neglects 

with acceleration phenomena (virtual mass phenomena) due to absence of such event in 

reactor safety issues. The second assumption ignores lift forces perpendicular to the flow 

vector. 
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2.4 TRACE application for a problem 
 

To conduct a full-scale experiment is often expensive and complicated, not to mention 

potentially dangerous; therefore, computer codes can help to replicate the experiment safely, 

with saving funds and time. The TRACE code is able to simulate different phenomena not 

only on nuclear power plants but on experimental facilities as well. However, capability to 

repeat all processes precisely depends both on the code itself and on the competence of the 

modeller.  

 

Subject of an investigation is a TRACE model of the SBLOCA experiments described 

earlier. The experiments were carried out on the PACTEL facility in 1995. Results of the 

experiment and steps were recorded, so it makes possible to simulate the same experiments 

on a computer with the help of the TRACE code. However, it is necessary to understand that 

the more information about the experiments the more chance to reproduce the process, thus 

it makes modelling challenging if there is no full data of the experiments. 

 

2.4.1 Model geometry 

 

The geometry information, position of measurement equipment, such as temperature, 

pressure, pressure difference and flow transducers and material composition is described by 

Tuunanen et al. (1998) in the General description of the PACTEL test facility. In addition 

there are transducers registrations of the experiments saved in DAT files. 

 

Even though TRACE can simulate special 3D and other complex components, in case of the 

SBLOCA experiments it is quite enough to use 1D components, such as BREAKs, FILLs, 

PIPEs, PUMPs, Single Junctions, VALVEs in order to create a model. The main components 

of the PACTEL facility model are represented in Figs. 2.27-2.29 with the help of Symbolic 

Nuclear Analysis Package (SNAP) model editor. 

 

The model repeats geometry via introducing size parameters in each component. Setting 

inlet and outlet in the components allows linking them with each other and introducing a 

break or filling, therefore it is possible to implement closed flow as it is in PACTEL. The 

height of the elements’ positions in the model is the same as in the facility; total height is 
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installed by summing each element’s height, the same for the length. It is possible to model 

bends by setting them in the component geometry description. 

 

The core section is represented with four pipes. Three of them are implemented with 

POWER components in order to simulate the heat production. Their radial geometry 

contains Fuel Rod Option. The fourth pipe is a simulation of core bypass with relative 

geometry and a friction factor.  

 

The PACTEL upper and lower plenum leg connections have diffusers that prevent direct 

flow of ECC water from HPIS or the ACCUs to the loops. The model implements this feature 

with Single Junctions connecting two parallel pipes. 

 

The pressurizer is modelled by PIPE and POWER components. There is an injection system 

with PI controller for pressurizer level control as well. 

 

 
Figure 2.27: Core and Loop 1 model 
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The ACCUs are modelled by PIPE component with Accumulator type. One of the ACCUs 

is connected to the UP, the other ACCU, which is smaller, is connected to the downcomer. 

Each ACCU has Check Valve that is open when the primary pressure is lower than pressure 

in the ACCU, and on the contrary, it is closed when the primary pressure higher than the 

ACCU pressure. In order to cease water flow from the ACCUs, closing valves are set. 

 
In the Cold leg of the Loop 2 the break is implemented for simulating SBLOCA experiments. 

The break orifice allows to set a certain break size. The break valve is responsible for the 

break flow initiation. The BREAK component determines boundary pressure, which in the 

SBLOCA experiments is atmospheric. 

 

 
 

Figure 2.28: Loop 2 model 
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The primary side of the steam generators is simulated with eight rows of pipes whereas the 

facility has 14. The secondary side consists of two parts – riser and downcomer. The riser is 

built up with a set of wide pipes; the downcomer is modelled by PIPEs, FILLs and Single 

Junctions. The SG pressure can be determined by BREAK component behind steam outlet. 

The BREAK component here has meaning as a receiver of steam generated in the SG. All 

three SGs are connected together with a steam line. VALVE components regulate steam 

flow. 

 

Each Loop has a model of pump that can be characterized in PUMP component properties. 

Pump mass flow is regulated by a PI controller. Each characteristic, such as head, torque, 

friction factors, of the pump in the model is replicated in accordance with the PACTEL 

pumps. 

 

 
Figure 2.29: Loop 3 model 
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The high pressure injection system (HPIS) is modelled with the help of FILL component 

which is installed near to the downcomer. 

 

The secondary side feed and bleed procedure is implemented by opening and closing valves 

in steam line and filling water to the secondary side downcomer. At a certain moment, the 

valve of the BREAK component, which is responsible for a value of the secondary side 

pressure in a steady state, is closed and a valve of other BREAK component, which is in 

charge of releasing the steam into the atmosphere, is partially opened in accordance with the 

secondary side pressure behavior in the PACTEL facility during the feed and bleed 

procedure. The feeding in the model is accomplished with the FILL component in the 

secondary side downcomer. The mass flow rate values of the SG feedwater the same, as in 

the SBLOCA experiments so in the TRACE model. 

 

Loop seals with corresponding friction factors are introduced in the model. Bends of the 

pipes and elevations of hot leg entrances are set as in PACTEL. 

 

2.4.2 Measurements in the model 
 

In order to understand how precisely the model repeats the PACTEL facility measurements 

are needed. The main parameters of interest are pressure, temperature, mass flow rate, mass 

of tank water, water level. 

 

All these parameters can be obtained with the help of Control Systems component, including 

Signal Variables and Control Blocks. The pressure in pipes or vessels can be measured by 

Pressure type of Signal Variable linked with a certain cell of a component. The same regards 

to the temperature and the mass flow rate, with corresponding types. The water level can be 

measured by Collapsed Water Level type of Signal Variable, however it works only for non-

inclined geometry. For inclined geometry, the water level can be found with the help of 

pressure difference. Approximately the water level of a component can be calculated as 

follows 
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where p  is pressure difference, 1p  is pressure in a top of the component, 2p  is pressure in 

a bottom of the component,  is average density in the component, 1  is liquid density in a 

top of the component, 2  is liquid density in a bottom of the component, g  is an acceleration 

of gravity. 

 

These calculations are implemented in the model as a combination of Signal Variables and 

Control Blocks. Signal Variables gather values of pressure and liquid density. Control 

Blocks are able to introduce constants and arithmetic operations, such as Integrate, Sum, 

Subtract, Multiply. Fig. 2.30 shows one of examples of a water level calculation in inclined 

geometry. 

 

 
Figure 2.30: Water level calculation block in the TRACE model 

 

The SBLOCA experiment data contains information about collected water from the break. 

In the model, the collected water can be calculated via Signal Variable with Mix Mass Flow 

type and Control Block with Integrate type. Fig. 2.31 illustrates how it is implemented in the 

model. 
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Figure 2.31: Break facility with Leaked mass calculation block in the TRACE model 

 

As a whole, the model replicates the PACTEL facility in geometry. The scenarios of the 

SBLOCA experiments gives information about where and how to introduce changes. For 

example, when to close the PRZ valve or how to implement the secondary side feed and 

bleed procedure. 

 

2.4.3 Heat structures 

 

Components in the TRACE model have their own heat structures, which describe heat 

exchange between surfaces with different temperatures. Thus, the heat structures are able to 

introduce heat losses into environment. The heat losses in the structures were set according 

to experiment data (Holmström et al. 2008). For pump components heat losses are about 

32% of total heat losses, for the PRZ – 4%, for singular heat losses (flanges, support 

structures) – 8%, for the heat losses through insulation (into the environment) – 56%.  
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3 RESULTS 
 
3.1 TRACE simulation results 
 

Four input files for the TRACE code were prepared. Each model simulated a corresponding 

experiment case of the SBL series. The duration of the simulation was equal to the 

experiment time except initial period, because it took additional time for TRACE to reach a 

steady state. Before the blowdown initiation, the parameters in the model and in the 

experiment were close to each other.  

 

3.1.1 Comparison with SBL-30 

 

Figs. 3.1-3.6 illustrate the experiment and the TRACE model results. As it is shown in Fig. 

3.1, the collected mass of the leak in the model is similar as in the experiment. The difference 

in the beginning could happen because of wrong experiment measurements. It is important 

to notice that in the TRACE model the two-phase flow of the break happened earlier. The 

difference between graphs is about 3.5%. 

 

 
Figure 3.1: Collected mass of leak 
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Fig. 3.2 shows the primary and the secondary side pressure comparison. In the steady state 

period the pressure are quite similar. In both cases, in the model and in the experiment, the 

secondary side pressure was constant and the TRACE model kept it more strictly. After the 

break initiation the primary pressure difference was close to zero, however at around 3300 s, 

the peaks were slightly different. In the model the pressure difference was 5 bars. After peak, 

on the contrary the model’s pressure was more than 5 bars higher than in the experiment. 

Moreover, several pressure jumps occurred in the TRACE model. The difference between 

the primary pressure graphs is about 6.9%. 

 

 
Figure 3.2: Primary and secondary side pressure comparison 

 

Downcomer flow comparison is illustrated in Fig. 3.3. The SBL-30 experiment was 

conducted without pumps, therefore in the steady state the flow circulation was natural. 

Before the blowdown initiation, the graphs have almost same values. It means that the 

TRACE model were able to simulate the natural circulation. The inaccuracy could happen 

because of not precise friction factors of pipes, levels or/and heat exchange between the 

primary and the secondary sides. The graphs have 7.4% difference. 
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Figure 3.3: Downcomer flow comparison 

 

Fig. 3.4: illustrates UP water level behaviour during the SBLOCA. As the TRACE model 

calculated the water level with the help of the equation (33), which is not precise, there is 

small difference in the steady state period. Level of 8.68 m is a point of the hot legs 

connection. The difference between the graphs is about 1%. 

 

 
Figure 3.4: UP water level comparison 
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The core temperature difference is shown in Fig. 3.5. In the model the inlet coolant 

temperature corresponds to the temperature in the TEE component, the outlet coolant 

temperature corresponds to the temperature in the hot leg of the loop 1. Position of the 

temperature transducers in the PACTEL facility were close to these points. The graphs has 

3.4% difference for the inlet temperature and about 0.5% difference in general.  

 

 
Figure 3.5: Core temperature comparison  

 

Figure 3.6 demonstrates loop seal water levels in the experiment and in the TRACE model. 

As it was mentioned before, the model calculates water levels not precisely enough, so there 

is difference in the levels in the steady state. An interesting fact is that in the experiment 

after the break initiation the hot leg of loop seal 2 was cleared and there was no refilling till 

the end, however in the model such behaviour is related to the hot leg of loop seal 3. 

Moreover, in the model the hot leg of loop seal 2 the refilling happened just one time. 
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Figure 3.6: Loop seal water levels in the Experiment and in the TRACE model 

 

It was noticed also, that a boiler-condenser heat transfer regime in all steam generators of 

the model, took place earlier than in the experiment: all loop seals in the hot legs were cleared 

at 7000 s.  
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3.1.2 Comparison with SBL-31 

 

The experiment SBL-31 had several additional processes in comparison with SBL-30. In a 

steady state, pumps were running and were switched off after blowdown initiation. In the 

TRACE model, the pumps did not shut down immediately; pump rotations were terminating 

during 150 s. Furthermore, ACCUs were introduced. Figs. 3.7-3.11 represent results 

comparison of the main process between the model and the experiment, as in the steady state 

so in the transients. 

 

 
Figure 3.7: Collected mass of leak 

 

Fig. 3.7 illustrates the collected leak mass comparison. First 4400 s the curves are similar, 

but after a pressure jump and further drop, shown in Fig. 3.8, their inclinations are different, 

the TRACE model has the break mass flow rate grater and, as a result of this, at 

approximately 8500 s two-phase break flow occurs, unlike in the experiment. The difference 

between graphs is 8.3%, mostly because of the part after 4400 s.  

 

The primary and the secondary side pressure are shown in Fig. 3.8. The secondary side 

pressure in the model was regulated via a release valve, the repeating were implemented 

with 2.4% accuracy. Behavior of the primary pressure in the model has noticeable 

distinctions. From 1800 s to 3000 s the pressure was higher and with several oscillations 

which gave 8.4% difference at this period. After 3000 s, the pressure was already lower and 
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a pressure peak was afterwards. In general, the primary pressure difference is approximately 

1.6%. 

 
Figure 3.8: Primary and secondary side pressure comparison 

 

Fig. 3.9 represents downcomer flow comparison. The TRACE calculation gives significant 

oscillations, however an average value resembles to the experiments values. Since the model 

had the two-phase break flow after 8500 s, it means that the downcomer flow had stagnation. 

The graphs have 2.1% difference without the steady state period. 

 

 
Figure 3.9: Downcomer flow comparison 

 

In general, from the UP water level comparison (Fig. 3.10), it is can be noticed that levels 

behave similarly but have a gap. A reason of this gap is not accurate calculation using the 
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equation (33). The impact of the gap is 9.8% difference between the model and the 

experiment results. 

 
Figure 3.10: UP water level comparison 

 

ACCUs water levels comparison is illustrated in Fig. 3.11 ACCUs valves, as for DC so for 

UP, were opened and closed at the same moments in the model and in the experiment. 

However, during ACCUs operation injections had dissimilarities. A reason of such 

distinctions is the difference between the primary pressures. If the pressure in the model 

jumped earlier, the ACCU closed earlier as well. The same behaviour for the pressure drops. 

The graphs have 0.2% and 2.4% dissimilarities for the UP ACCU and the DC ACCU 

respectively. 

 

 
Figure 3.11: ACCU level comparison 
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3.1.3 Comparison with SBL-32 

 

The experiment SBL-32 was implemented with additional HPIS in comparison with the 

experiment SBL-31. Figs. 3.12-3.17 represent comparison between the TRACE model and 

the experiment. 

 

Fig. 3.12 shows the collected mass of leak comparison. There is almost absence of the 

difference, only 0.7%. 

 

 
Figure 3.12: Collected mass of leak 

 

 
Figure 3.13: Primary and secondary side pressure comparison 
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The pressure difference is 9.3% for the primary side and 6.9% for the secondary side. The 

pressure peak almost at the same time (Fig. 3.13). 

 

The downcomer comparison (Fig. 3.14) reveals dissimilarity after 5000 s equal to 138%. It 

means that the TRACE model had the flow 2.38 grater. Before 5000 s the difference is 0.6%, 

in general the difference is 35.6%. Such deviation happened because of inaccuracies in the 

modelling.  

 

 
Figure 3.14: Downcomer flow comparison 

 

From Fig. 3.15 it can be noticed that in the TRACE model a boiler-condenser heat transfer 

regime was reached in contrast to the experiment. The model had just one partial refilling in 

the hot leg 2 loop seal.  
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Figure 3.15: Loop seal water levels in the Experiment and in the TRACE model 

 

Fig. 3.16 represents ACCUs levels comparison between the model and the experiment. In 

both cases, the ACCUs valves were open and close once. The opening time was the same, 

however the model ACCUs closed 300 s and 200 s earlier for UP ACCU and DC ACCU 

respectively. Amount of the injected water was identical. The dissimilarity between the 

model and the SBL-32 experiment for the UP ACCU is approximately 0.9% and for the DC 

ACCU is 0.9%. 
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Figure 3.16: ACCU level comparison 

 

The inlet and outlet core temperature difference is shown in Fig. 3.17. As it was discussed 

above, the dissimilarity after 5000 s was caused by the primary pressure dissimilarity, before 

5000 s, the core temperatures were closed to each other. The graphs have 0.2% difference 

for the inlet temperature and 1.6% difference for the outlet temperature. 

 

 

 
Figure 3.17: Core temperature comparison 
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3.1.4 Comparison with SBL-33 

 

The SBL-33 experiment differed from the SBL-32 experiment  with larger break size. Figs. 

3.18-3.20 illustrates the main comparisons between the TRACE model and the experiment. 

 

Fig. 3.18 represents the collected mass of the leak comparison. Both curves coincide with 

each other until approximately 4150 s. At this time both cases changed their single-phase 

breaks to two-phase, but the model had mass flow rate grater. It is important to notice that 

after 5380 s, the experiment collected leak mass decreased, it means that disturbances 

happened in the mass measuring. Thus, the dissimilarity is about 2% in the period before 

5380 s. 

 

 
Figure 3.18: Collected mass of leak 

 

The next picture, Fig. 3.19, represents the pressure comparison. The primary pressure peak 

took place at the same time as in the experiment as in the model, however the values of the 

peak are different. The secondary side pressures, adjusted for the secondary feed and bleed 

procedure, are almost identical. The dissimilarity between the TRACE model and the 

SBL-33 experiment for the primary pressure is approximately 1.8% and for the secondary 

side pressure is roughly 1%. 
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Figure 3.19: Primary and secondary side pressure comparison 

 

Fig. 3.20 shows ACCUs levels comparison. For the UP ACCU opening and closing times 

are the same as in the model so in the experiment. DC ACCU had different closing times, 

moreover because of the primary pressure jump at the 3140 s the model DC ACCU was 

close during 170 s. Dissimilarity for the UP ACCU is about 1.4% and for the DC ACCU is 

approximately 2.5%. 

 

 
Figure 3.20: ACCU level comparison 
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3.2 Comparison with an experiment on PWR PACTEL 
 

The PACTEL facility refers to VVER type of PWR reactors. However, there are another 

type of the PWR reactors called European Pressurized Water Reactor (EPR). One of the EPR 

reactors is currently under construction in Finland at Olkiluoto 3 NPP (Areva.com 2013). 

Undoubtedly, that it is important to investigate accident incidents on an EPR model. On this 

account, the PWR PACTEL facility was constructed at the Lappeenranta University of 

Technology in 2009 (Ydin.pc.lut.fi 2015). 

 

3.2.1 PWR PACTEL facility description 

 

The PWR PACTEL facility includes parts belonged initially to the PACTEL facility, it is a 

reactor pressure vessel, a pressurizer and ECCS. New parts are vertical SGs of EPR type and 

two circulation loops. Fig. 3.21 illustrates the facility main components. The main 

circulation pumps were introduced in 2013 (Kouhia et al. 2014).  

 

Preserved PACTEL components caused different volumetric and height scales for the 

reference EPR plant among the PWR PACTEL elements. For example, volumetric scales 

for the pressure vessel, the SGs and the pressurizer are 1:405, 1:400 and 1:562 respectively. 

Height scales for them are 1:1, 1:4 and 1:1.6 respectively.  

 

Since the reactor vessel is the same as in PACTEL, the core, upper plenum, lower plenum 

and downcomer geometry and features remained the same. In a similar, the pressurizer and 

the ECCS saved their properties. 

 

One circulation loop in the PWR PACTEL facility represent one loop in the reference EPR 

plant. Thus, power capacity decreased two times (two loops instead four). Hot and cold legs 

have an elevation equal 7.35 m. The inner diameter of the loops is 52.5 mm. Shut-off valves 

were installed in each loop in order to have a possibility to detach one of the loop if it is 

needed. In comparison with the PACTEL facility loops, there are no loop seals in the hot 

legs. 
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Figure 3.21: PWR PACTEL facility (Kouhia et al. 2014) 

 

Each SG has 51 heat exchange U-tubes with 6.5 m average length and 19.05x1.24 size. A 

lattice pitch is 27.4 mm with triangular grid for the heat exchange tubes. The heat exchange 

tube bundle is shown in Fig. 3.22. The secondary side of the SG consists of hot and cold 

annular downcomers, which surround a riser that, in turn, is divided on two parts with a 

plate, on cold and hot. Feed water flows through the cold downcomer and goes to the hot 

part of riser. Flowing up the riser, water warms up and starts to boil. The steam goes up and 

then escapes the SG through the steam lines. The upper part of the SG with the steam is 
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separated from the water volume with the help of a plate, which is able to leave out 

condensed water. The condensate leaks through the hot downcomer to the hot part of the 

riser.  

 

 
Figure 3.22: Heat exchange tube bundle of the SGs (Kouhia et al. 2014) 

 

3.2.2 Experiment description 

 

As well as in the PACTEL facility, a SBLOCA experiment was conducted in the PWR 

PACTEL facility. The name of the experiment is SBL-50. Pumps were not introduced and 

natural circulation was an object of study. A break was implemented in the cold leg 2 

between the loop seal and the downcomer. The break diameter size was 1 mm; it is 0.04% 

of the cold leg size. Main parameters of the experiment are shown in Table 3.1. The 

pressurizer was separated after the break initiation. A break valve controlled open and close 

periods. Duration of a steady state was 1000 s, after this, the break valve was opened. Due 

to an improper operation of the valve control, it was closed for about 1260 seconds. The 

secondary side parameters were kept constant as possible during whole time of the 

experiment. (Rantakaulio, Vihavainen 2011) 
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Table 3.1. Initial conditions in SBL-50 

Parameter Values 
Core power, kW 155±6 
Primary pressure, MPa 7.5 ±0.1 
Secondary side pressure, MPa 4.20±0.06 
Steam generator level, cm 390±12 
Loop mass flow rate, kg/s 0.6±0.14 

 

3.2.3 TRACE model for SBL-50 

 

In order to simulate the SBL-50 experiment on the computer a TRACE model was 

developed. In comparison with the SBL-30-33 models of the PACTEL facility, there are 

differences only in loops and SGs. Fig. 3.23 illustrates the TRACE model of the PWR 

PACTEL SBL-50 experiment. 

 

 
Figure 3.23: TRACE model of PWR PACTEL (Rantakaulio, Vihavainen 2011) 

 

The break management is different from the PACTEL model. There are no pumps either. 

The downcomer has a simpler structure. In this model, the ECCS is absent – there are no 

ACCUs and HPIS either.  
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An LUT student, Nikita Ivankov, was carrying SBL-50 experiment simulation using 

TRACE. His calculation results are presented in paragraph 3.2.4 in order to compare TRACE 

and experiment output data. 

 

3.2.4 TRACE and experiment obtained data comparison 

 

The break initiates collapsed water level reduction in the primary side. The level is 

decreasing approximately first 2000 seconds (Fig. 3.24), after which the level is remaining 

almost constant during 6000 seconds (this level is equal 7.35 m, it is a hot leg connection 

level). The experiment and TRACE graphs of the water level have a slight difference. 

 

 
Figure 3.24: UP water level comparison 

 

Now, when the water level is below the hot leg entrance, the natural circulation changes a 

mode from one-phase to two-phase flow. It helps to raise coolant mass flow (Fig. 3.25) and 

heat transfer between the primary and secondary sides. The mass flow rate starts to decrease 

after about 5000 seconds. In the TRACE simulation, it reduces to zero, unlike in the 

experiment. 
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Figure 3.25: Downcomer flow comparison 

 

Fig. 3.26 illustrates primary pressure comparison between the TRACE simulation and the 

experiment. The graphs are close to each other. After blowdown initiation, the primary 

pressure reduces to a saturation value. After beginning of the two-phase coolant flow mode 

the primary pressure decreases nearly to secondary side pressure. 

 

 
Figure 3.26: Primary pressure comparison 
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Loss of coolant mass comparison (Fig. 3.27) demonstrates sufficient similarity. The break 

was closed approximately at 7500 s and opened at 9000 s. 

 

 
Figure 3.27: Collected mass of leak 

 
Figure 3.28: Core temperature comparison 
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3.2.5 Comparison between PACTEL and PWR PACTEL simulations 
 

Both, PACTEL and PWR PACTEL simulations are feasible in the TRACE code, however 

there are some inaccuracies. 

 

Experiments on the PACTEL facility are more complicated and therefore the TRACE model 

has more errors. A reason of mistakes is additional systems in the model, such as pumps and 

ECCS system. Loop seal behavior in the PACTEL model is also difficult to reproduce with 

high precision. It is necessary to notice, that it will be fair to compare SBL-30 and SBL-50 

experiments, as they both do not have pumps and ECCS system. 

Looking at Figs. 3.1-3.6 and 3.24-3.28 it is possible to note that PWR PACTEL simulation 

is more accurate. That happens because PACTEL has more complex loops for the simulation 

than in PWR PACTEL. 

Nevertheless, both simulations are good enough to reproduce general view of accident 

behavior. 
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4 DISCUSSION AND CONCLUSIONS 
 

When we speak about safety on NPPs, it is important to understand what happens during an 

accident. Instead of the building expensive and complicated experimental facilities, 

computer codes are used to analyse an accident of interest. However, in order to understand 

whether the code is capable to reproduce a real facility accurately, code validation is 

required. A process of code validation mainly requires an experiment with known input and 

output data. 

 

In the thesis, the TRACE code validation is implemented with the help of the SBLOCA 

experiments realized in the PACTEL facility. The code uses information about geometry 

and specific data of the facility. After calculations of definite cases, it is possible to validate 

the code by a comparison between output data of the experiment and the TRACE model. 

One of the possible ways to compare is to plot the data on graphs and check coincidence. 

 

Figs. 3.1-3.20, 3.24-3.28 represent differences between the code simulation and the 

experiments. Most of the graphs shows, that differences between experiment and code 

calculation are acceptable, however some graphs have considerable differences in certain 

intervals, such as mass of leakage and pressure.  

 

Undoubtedly, the accuracy depends on how the experiment is complicated. For the steady-

state modes in the TRACE model, high precision is reachable. For the transient modes, there 

are deviations from the experiment data. It means that the accuracy depends on a modeller 

as well. The modeller should reproduce the process of interest as close as possible. In the 

SBLOCA experiments some components must turn off or on in specific time and way. If it 

is not the same in the model, the results will have time shifts, which, in turn, may be a cause 

of dissimilarities in the model and the experiment. 

 

The TRACE code has approximations mentioned in the paragraph 2.3.6. These 

approximations are applied in main field equations for a description of a two-phase flow. 

Presence of special modes in the model, such as counter-current flow, add uncertainty in 

calculations. As a result, the two-phase flow phenomena is tough reproduce in the model 

completely faithfully. 
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In addition, the accuracy depends on the given information, such as thermal losses, feed and 

bleed procedure data, geometry, wall roughness, and friction factors. If there are mistakes in 

initial data, errors will appear in the results. It is necessary to understand, that inaccuracies 

can be in the measurement instruments as well. It means that the precision of the simulation 

depends on the experiment accuracy. 

 

There are component differences between the experiments and the TRACE model. For 

instance, the secondary side pressure keeps constant in the model in contrast to the 

experiments. Peaks and drops in SBL-31 experiment secondary side pressure are clearly seen 

in Fig. 3.8. There are some artificial components in the model as well. 

 

In the TRACE model, measurements are implemented indirectly from the calculation. For 

the measurements in the experiments, there is difference. The measurement equipment 

provokes disturbances in the flow. It causes diverse values in the experiment and in the 

model. 

 

In spite of the fact that there are specific differences in the model and in the experiments, the 

results are sufficiently close to each other. As a whole, it is possible to conclude that the 

TRACE code is applicable for calculating small breaks. 

 

The fact that the TRACE code is capable of simulating two-phase phenomena gives an 

opportunity to avoid costs on carrying out experiments on the same facilities, such as 

PACTEL. For example, if it is needed to investigate an accident with additional faults, for 

instance, an ACCU valve is broken; it is enough to calculate the process on the TRACE 

code. Of course, certain inaccuracy will happen, but it is possible to reach precision in a 

definite confidence interval.  

 

Modelling a process without an existing experimental facility raises even more questions, 

because there is nothing to compare (no experimental output data) in order to prove 

correctness of calculations. Such processes can be beyond the design basis accidents in NPPs 

or extremely expensive experiments. These models demand detail studying and 

professionalism of modellers. 
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The TRACE code is capable to simulate processes on the PACTEL facility, which is the 

model of VVER-440 type reactors. Thus, it is possible to create a model of the VVER-440 

type reactor using the TRACE code in order to investigate small break LOCA. 
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5 SUMMARY 
 

Small break loss-of-coolant accidents on NPPs is one of the main problems connected with 

safety operation. Consequently, it is important to conduct research on this problem using 

experimental facilities and computer system codes. PACTEL experimental facility is able to 

conduct such researches. As regards the code, TRACE is capable to solve one-dimensional 

time-dependent two-phase flow using six-equation formalism that allows to reproduce a 

model of PACTEL facility and implement calculations of the SBLOCA problem. 

 

The PACTEL facility is a 1:305 volumetrically scaled model of Russian design VVER-440 

PWR. A series of SBLOCA experiments was implemented on the facility. Each experiment 

had his own specific conditions, main of them were break size, presence of the emergency 

core cooling systems, feed and bleed procedure. 

 

The TRACE is one of reactor system codes designed with the help of the United State 

Nuclear Regulatory Commission (NRC) for investigation of LWR neutronic-thermal-

hydraulic behaviour. The code is able to model processes on experimental installations 

constructed to analyze transients in reactor systems.  

 

Using the information about the PACTEL facility a TRACE model was created. With the 

help of this model calculations of SBLOCA experiments were conducted and then 

comparison between experimental and TRACE output data was performed in the thesis. The 

comparison revealed some dissimilarities which were connected with modelling 

uncertainties and approximations used in the code. The dissimilarities did not strongly affect 

and in general, it is possible to conclude that the TRACE code is capable of simulating two-

phase phenomena related to SBLOCA phenomena. 
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