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ABSTRACT 

During Loss-Of-Coolant Accidents (LOCA), the maximum Peak Cladding Temperature 

(PCT) in the core could suffer rapid excursions, which might strongly affect the core integrity. 

Most Pressurized Water Reactors (PWR) have Core Exit Temperature (CET) thermocouples to 

detect core overheating. Operators may start Accident Management (AM) actions to mitigate 

such accident conditions when CET temperature exceeds a certain value. However, in Test 6-1 

of the OECD/NEA ROSA Project, which simulates a PWR Pressure Vessel (PV) upper head 

Small Break LOCA (SBLOCA), a significant time delay and temperature discrepancy in the 

superheat detection by the CET thermocouples was observed. Experimental results showed that 

the core uncover started significantly earlier before the CET thermocouples indicated 

superheating. In this work, the thermal hydraulic code TRACE is used to clarify responses of 

CET thermocouples versus PCT and to study if the same physical phenomena are reproduced 

in two TRACE5 models with different geometries. Both models correspond to LSTF (a Full 

Height Full Pressure (FHFP) facility), and a scaled-up LSTF model obtained by applying the 

power-to-volume scaling criterion. Due to the fluid exhibits the same properties at full pressure, 

the power-to-volume scaling criterion is applied to preserve time, power and mass. Results 

obtained show that the delay between the core uncover and the CET excursion is reproduced in 

a small scaled facilities such as LSTF and a scaled-up PWR plant modelled with TRACE5. 

1 INTRODUCTION 

In most of Pressurizer Water Reactors (PWR), core overheating produced during a Loss-

Of-Coolant Accident (LOCA) is detected by Core Exit Temperature (CET) thermocouples [1]. 

CET thermocouples are widely used for initiating the Accident Management (AM) actions to 

mitigate LOCA conditions. The operator may start AM actions when the CET exceeds a 

determined value. However, a time delay and temperature discrepancy in the superheat 

detection by thermocouples have been observed at several integral test facilities, simulating a 

LOCA [2]. Due to this time delay and temperature discrepancy, the safety concern is that the 

AM measures could be so delayed that the recovery actions would be less effective. This effect 

was observed in Test 6-1 [3] of the OECD/NEA ROSA Project, which was performed in the 
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Large Scale Test Facility (LSTF) of the Japan Atomic Energy Agency (JAEA). LSTF [4] 

simulates a PWR reactor, Westinghouse type with four loops and 3423 MWt. Test 6-1 

reproduces a PWR Pressure Vessel (PV) upper head Small Break LOCA (SBLOCA) with a 

break size equivalent to 1.9% of the cold leg area under the assumption of total failure of High 

Pressure Injection System (HPIS).  

Experimental results showed that the core uncover started significantly early before the 

CET thermocouples indicating superheating. A time delay of some seconds for the CET 

thermocouples reach 623 K (criterion to start AM action) was observed in the test [5]. 

In this frame, thermal hydraulic code TRACE5 [6, 7] is used to clarify responses of CET 

thermocouples versus PCT and to study if the same physical phenomena are reproduced in two 

models with different geometries. The models simulate LSTF and a scaled-up LSTF obtained 

by applying the power-to-volume scaling criterion. This scaling criterion has been applied to 

preserve time; power and mass due to the fluid exhibits the same properties at full pressure.  

TRACE5 results show similar time delay between the core uncover and the CET 

excursion than the experiment. 

2 TRACE5 MODELS 

In this section, a brief description of both TRACE5 models, LSTF and scaled-up LSTF, 

is presented.  

2.1 LSTF model 

LSTF is a FHFP facility, which simulates the Tsuruga unit II NPP of JAEA, a 4-loop 

Westinghouse PWR of 3423 MWt [4]. The four primary loops of the reference PWR are 

modelled by two equal loops in the facility. The core power is 10 MW, which corresponds to 

14 % of the scaled rated power of the reference PWR. The nodalization of the LSTF TRACE5 

model using SNAP (Symbolic Nuclear Analysis Package software) [8] used in this work is 

shown in Figure 1.  

LSTF has been modelled with 81 hydraulic TRACE5 components (7 BREAKs, 11 FILLs, 

23 PIPEs, 2 PUMPs, 1 PRIZER1, 22 TEEs2, 14 VALVEs and 1 VESSEL). The PV has been 

modelled using a 3D–VESSEL component divided into 20 axial levels, 4 radial rings and 4 

azimuthal sectors. This component is connected to different 1D components: 8 Control Rod 

Guide Tubes (CRGT’s) simulated by 8 PIPE components, hot and cold legs, and the break 

valve.  

Twelve heat structure components (HTSTRs) simulate 1008 fuel assemblies located in 

the active core of LSTF. A POWER component manages the power supplied by each HTSTR 

to the 3D-VESSEL. The core power is simulated by means of a decay curve, calculated by 

considering the heat stored in fuel rods and delayed neutron fission power. 

 

 

1PRIZER is a TRACE5 component used to simulate the pressurizer. 
2TEE is a TRACE5 component used to simulate a pipe with an additional branch. 
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Figure 1: Model nodalization of LSTF with SNAP 

The break VALVE is joined with a BREAK component to simulate the atmospheric 

coolant leakage. The break size is specified in Test 6-1 [3], which corresponds to 1.9 % of the 

cold leg break. It is located in the upper head of the PV. 

2.2 Scaled-up LSTF model 

The problem to solve is how to scale the facility to simulate the same physical phenomena 

in two systems with different geometries. Since LSTF is a FHFP facility and the analysed 

scenario is a PV upper head SBLOCA, the power-to-volume scaling criterion has been used to 

develop a scaled-up model of LSTF [9]. This scaling criterion is characterized by a design 

factor, also called volumetric scaling factor, Kv, [10]. In this case, Kv has been fixed to 48 due 

to LSTF is scaled 1:48 in volumes from the reference PWR. The main design factors that 

characterize the power-to-volume scaling criteria are listed in Table 1. 

Concerning to geometrical features, the scaled-up model simulates two loops as in LSTF 

model. The volume of LSTF components (boiler, downcomer and separator in both steam 

generators, PV, pressurizer, etc.) has been enlarged by the scaling factor, while heights are the 

same than in LSTF model. PV nodalization (20 axial levels, 4 radial rings and 4 azimuthal 

sectors) and connections (8 CRGTs, hot and cold legs and break valve) are the same than in 

LSTF model. 

The number of U-tubes, heat structure components (used to simulate the heat transfer 

between primary and secondary systems) and fuel rods are Kv times higher than in LSTF model. 

The heat transfer model AECL-IPPE Biasi/Zuber [6, 7] is used in all the calculations. Scaled-

up and LSTF pumps use the same dimensionless behaviour curves (torque, head, etc) in single 

and two-phase regimes. Coast-down curves are maintained in both models. Power of scaled-up 
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model is defined from the core power decay curve of LSTF model enlarged by the scaling 

factor, preserving the time.  

Table 1: The major design characteristics of the LSTF facility versus the scaled-up model.  

Parameter LSTF Scaled-up model Kv 

Primary pressure (MPa) 15.55 15.55 1 

Core power (MW) 10 480 48 

Number of loops 2 2 1 

Core height (m) 3.66 3.66 1 

Number of U-tubes per one 

Steam Generator (SG) 
141 6768 48 

Vessel volume (m3) 2.64 126.72 48 

Hot leg inner diameter (m) 0.207 0.974 Fr. Num. 

Hot leg length (m) 3.7 8 Fr. Num. 

L/√D  8.1 8.1 1 

1 % Break area (m2) 8.02 e-5 3.846 e-3 48 

Accumulator volume (m3) 1.64 78.93 48 

SG volume (m3) 7.93 380.64 48 

Main Feedwater flow rate (kg/s) 2.74 131.52 48 

Total discharged inventory (kg) 5.09 e3 2.44 e5 48 

In horizontal components, the Froude number scaling criterion is applied trying to 

simulate as well as possible the countercurrent flow [11]. It implies varying the diameter and 

length of these components as Eq. (1) and Eq. (2), being D and L the scaled diameter and length 

and d and l LSTF diameter and length, respectively.  

5/2

vKdD 
 (1) 

5/1

vKlL 
 (2) 

Primary mass flow rates and accumulators, Main and Auxiliary Feedwater (AFW and 

MFW, respectively) capacities have been scaled using the Kv factor. Trying to equalize the 

inventory discharged through the break, the flow area of the VALVE component simulating the 

break used in the LSTF facility has been scaled too taking into account the Kv factor. The break 

localization and orientation is the same than in the LSTF model. Initial and boundary 

conditions, temperature, pressure and velocities in primary and secondary system remain the 

same than in the LSTF model.  

3 TRANSIENT DESCRIPTION 

Test 6.1 simulates a PWR PV upper head SBLOCA with a break size equivalent to 1.9% 

of the cold leg under the assumption of total failure of HPIS. It began with the opening of the 

break valve. It produces primary pressure drops immediately. A scram signal was generated 

when the pressurizer pressure dropped to a determined value. The scram signal generation 

caused the closure of Steam Generators Main Steam Isolation Valves (MSIVs) and the 

coastdown of primary coolant pumps.  

Secondary pressure increased rapidly after the closure of MSIVs and primary-side 

pressure continues falling, almost reaching the secondary-side pressure, remaining slightly 

above the secondary-side pressure since then. Simultaneously with the closure of the MSIVs, 

the Main Feed Water (MFW) flow rate of both steam generators is stopped. From this moment 

on, the Relief Valves (RV) in both steam generators, begin opening and closing in order to 
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maintain the secondary pressure between two fixed values. The secondary-side keeps removing 

heat from the primary system while the primary-loop natural circulation is still on, thus raising 

the secondary pressure. Once the Steam Generators U-Tubes are emptied, the natural circulation 

is stopped. Then, the secondary-side pressure stabilizes and the primary-side pressure begins to 

fall below the secondary-side.  

When the CET reaches 623 K, the AM action is initiated by fully opening RVs of both 

steam generators. The core power is automatically decreased by the LSTF core protection 

system when the maximum fuel rod surface temperature exceeds 958 K. When the primary 

pressure drops to a determined value, the Accumulator Injection System (AIS) starts to inject 

water in the cold legs.  

4 RESULTS AND DISCUSSION 

Results obtained from both models, LSTF and scaled-up LSTF, are shown in this section. 

All results presented here have been normalized to the steady-state value.  

4.1 Steady-state results 

A steady-state calculation has been performed in order to achieve the same conditions 

than in the experiment. Table 2 shows the relative errors into brackets (%) between 

experimental and simulated results for different items. 

Table 2: Steady-state condition. Comparison between LSTF and scaled-up TRACE5 results.  

Item LSTF model Scaled-up model 

Cold Leg Fluid Temperature (K) 564.6 (-0.20) 565.9 (-0.43) 

PZR Pressure (MPa) 15.59 (-0.52) 15.58 (-0.45) 

PZR Liquid Level (m) 7.48 (-4.18) 7.48 (-4.18) 

SG Secondary-side Pressure (MPa) 7.36 (-0.41) 7.4 (-0.68) 

SG Secondary-side Liquid Level (m) 10.8 (-5.37) 10.84 (-6.05) 

4.2 Transient results 

Figure 2 shows the system pressures and break mass flow rates obtained with both models 

in comparison to experimental data. Regarding the system pressures, the experimental 

behaviour is well reproduced until the accumulator injection begins. In the experiment, when 

primary pressure reaches a determined value, the accumulator injection system starts to inject 

water in cold legs producing a small peak in the primary pressure, which is not reproduced with 

TRACE5. From this moment on, primary pressure in scaled-up model drops faster than in LSTF 

model, which is more similar to experimental data. This discrepancy can be due to differences 

in the accumulator injection system. 

At around 1100 s, the SG secondary-side depressurization is initiated as AM action (when 

CET reaches 623 K) by fully opening the RVs of both SG. As it can be seen, the SG secondary-

side depressurization is delayed by some seconds with respect to the experiment. It is due to the 

core uncover produced some seconds after.  

The break mass flow rates obtained in the experiment and with the LSTF model have 

been multiplied by the volumetric scaling factor, Kv, to be compared with that obtained using 

the scaled-up model. A sensitivity analysis varying the choked flow coefficients [6, 7] has been 

performed. Results proved that default values successfully fit the mass flow rate and discharged 

inventory through the break, at least until the accumulator injection.  
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TRACE5 predicts a change of flow from liquid single-phase to two-phase at around 95 s 

and from two-phase to single-phase vapour at 750 s, which agrees with the experiment. As it 

can be seen, the mass flow rate through the break obtained with both models show a good 

agreement with the experimental data.  

  
Figure 2: System pressures and break mass flow rate 

Figure 3 shows the Core Exit Temperature (CET) and the Peak Cladding Temperature 

(PCT) excursions. When the primary pressure is lower than the secondary one, the heat transfer 

in SG secondary-side finishes and the only way to remove heat from the system is losing coolant 

through the break. This fact affects to CET and PCT excursions. 

  
Figure 3: Core Exit and maximum Peak Cladding Temperatures 

In both models, the CET reaches 623 K some seconds delayed with respect to the 

experiment. This is the reason for the delay in the SG secondary-side depressurization observed 

in Figure 2. The CET reaches a higher value in the scaled-up model in comparison to the LSTF 

model, which better fits the experiment.  

Regarding the PCT, excursion start some seconds later and consequently, both models 

reach the maximum value later than the experiment. The maximum PCT is similar in all cases 

due to the core power is automatically decreased by the core protection system when PCT 

exceeds 958 K. Figure 4 shows CET versus PCT and the PV collapsed liquid levels, specifically 

core and downcomer. As it can be seen, the relation between CET and PCT obtained with both 

models has a similar slope than in the experiment. This relation allows obtaining the CET from 

the PCT. Both models predict lower PCT for the same value of CET than the experiment. 
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Fig. 4 Core Exit Temperature versus Peak Cladding Temperatures; Core and downcomer 

collapsed liquid levels 

Regarding PV collapsed liquid levels, the experimental results show that the core uncover 

starts significantly early before the CET indicates superheating. Core boil-off starts at 850 s, 

while CET reaches 623 K at 1100 s, approximately. CET excursion and core uncover are 

delayed some seconds with respect to the experiment. However the difference in time between 

the core uncover occurs and the CET indicates a superheating similar to the experiment, around 

250 s. Regarding the downcomer collapsed liquid level, both models reproduce a similar 

behaviour than in the experiment. Again, discrepancies in the last part of the transient can be 

produced by an improper reproduction of the accumulators injection.  

Trying to improve the results, the PV nodalization and the flow paths reaching the break 

(CRGTs and spray nozzles) have been studied. Increasing the number of azimuthal sectors 

(from 4 to 10) does not significantly improve the results, however the computational time is 

higher. Geometry and friction k-factors of CRGTs and spray nozzles have been adjusted to 

reproduce the experimental mass flow. 

5 CONCLUSIONS 

Applying the power-to-volume scaling criterion a scaled-up model has been created from 

a previous TRACE5 model of a small scaled Large Scale Test Facility (LSTF). This scaling 

criterion is used due to LSTF is a Full-Height Full-Pressure (FHFP) facility and the accident 

scenario studied is a Small Break Loss-of-Coolant Accident (SBLOCA). Results obtained show 

that the main physical phenomena observed in a small test facility, such as LSTF, during a 

Pressure Vessel (PV) upper head SBLOCA can be reliably extrapolated to those for a scaled-

up model with different geometries and other operating parameters, although some 

discrepancies are observed. The sequence and timing of the significant events during the 

transient obtained using the scaled-up model are similar to LSTF model and experimental data. 

Despite of a delay in Core Exit and Peak Cladding Temperature excursions (CET and PCT), 

results obtained shown how the delay between the core uncover and the Core Exit Temperature 

excursion is reproduced in small scaled facilities such as LSTF and in a scaled-up PWR plant 

model. With these results, an acceptable suitability of the scaling criterion has been obtained to 

preserve time, power and mass inventory in two different scaled facilities during a PV upper 

head SBLOCA transient. 
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