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ABSTRACT 

 As part of the participation of the Technical University of Madrid (UPM) research 
group in CAMP project, an analysis of Small-Break Loss of Coolant Accident (SBLOCA) 
sequences in a 3-loop PWR Westinghouse with failed High Pressure Safety Injection (HPSI) 
has been performed with TRACE 5.0 patch 1 thermal-hydraulic code. The objective of the 
work is to apply the Integrated Safety Assessment (ISA) methodology to a thermal-hydraulic 
analysis of cold leg SBLOCA sequences. This methodology allows obtaining the Damage 
Domain (the region of space of parameters where a safety limit is exceed) as a function of the 
break area and operator actuation times, and provides to the analyst very useful information 
about the impact of uncertain parameters in safety concerns. In this work main issue analyzed 
is the convenience for Reactor Coolant Pump (RCP) trip. The main conclusion is that present 
Emergency Operating Procedures (EOPs) are adequate for managing this kind of sequences, 
and results show the capability of the ISA methodology to obtain accurate results that take 
into account time delays and parameter uncertainties. 

Keywords: Accident Management, Emergency Operating Procedures, Integrated Safety 
Assessment, Probabilistic Safety Assessment, Small-Break LOCA, TRACE code. 

NOMENCLATURE 

AFW Auxiliary Feedwater ISA Integrated Safety Assessment 
CSN Spanish Nuclear Safety Council PCT Peak Cladding Temperature 
CVCS Chemical and Volume Control System PORV Pilot Operated Relieve Valve 
DD Damage Domain RCP Reactor Coolant Pump 
DEF Damage Exceedance Frequency RCS Reactor Coolant System 
EOP Emergency Operating Procedure SBLOCA Small Break LOCA 
FW Feedwater SG Steam Generator 
HPSI High Pressure Safety Injection UPM Technical University of Madrid 

INTRODUCTION 

 An analysis of cold leg SBLOCA sequences in a 3-loop PWR Westinghouse (Almaraz 
Unit I NPP) with failed HPSI has been performed with TRACE 5.0 patch 1 code. This 
analysis has been performed by means of ISA methodology, developed by the Modeling and 
Simulation Branch of the Spanish Nuclear Regulatory Body (CSN).  
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 ISA is an adequate methodology to perform uncertainty analysis for nuclear safety, 
especially suited for those sequences where some events occur at uncertain times. The 
quantitative result of this methodology consists of the Damage Exceedance Frequency (DEF) 
for the sequences stemmed from an common initiating event. This is achieved by means of 
the delineation of the dynamic event tree and the identification of the Damage Domain (DD) 
of the sequences that contribute to the total DEF. The Damage Domain, which is one of the 
most important contributions of ISA methodology, is defined as the region of the space of 
parameters of interest that results in damage, and constitutes a powerful tool for the analysts 
in nuclear safety. In this work, DD is obtained for cold leg SBLOCA sequences with 
unavailable HPSI, DEF calculation will be published in a future paper. 

Any transient undergoes damage if peak cladding temperature (PCT) increases over 
1477 K during that transient, and is considered a successful transient if not. UPM group has 
applied extensively this methodology in several projects, for more details see [1], [2], [3] and  
[4]. 

ALMARAZ UNIT I TRACE MODEL 

Almaraz NPP consists of two PWR located in Cáceres (Spain) and it is owned by a 
consortium of three Spanish utilities: Iberdrola (53%), Endesa (36%) and Unión Fenosa 
(11%). Commercial operation started in April 1981 (Unit I) and in September 1983 (Unit II). 
Each unit has a PWR Westinghouse with three loops with a nominal power of 2739 MWt and 
977 MWe. The original steam generators (SGs) were replaced between 1996 and 1997 and, at 
present, it is equipped with three Siemens KWU 61W/D3 steam generators. Reactor coolant 
pumps are type single stage, centrifugal model W-11011-Al (93-D) designed by 
Westinghouse. The AFW system consists of one turbine driven pump and two motor driven 
pumps. 

Almaraz I NPP TRACE model (see Figure 1) is composed of 252 thermal-hydraulic 
components (2 VESSEL, 52 PIPE, 71 TEE, 41 VALVE, 3 PUMP, 20 FILL, 27 BREAK, 36 
HEAT STRUCTURE and 3 POWER component), 685 SIGNAL VARIABLES, 1532 
CONTROL BLOCKS and 47 TRIPS, see e.g. [5]. 

With regards to the primary circuit, the following components have been modeled: 

1. Reactor vessel, modeled by a VESSEL component, which includes the core region, 
guide tubes, support columns, core bypass, and the bypass to the vessel head via 
downcomer and via guide tubes. 

2. Nuclear core power is modeled with axial and radial cosine power shape 
distributions. Core power is distributed to nine HEAT STRUCTURE components 
located each one in one core sector. 

3. The three loops, with its pumps, steam generators and pressurizer in loop 2 
(containing heaters, relief/safety valves and pressurizer spray system). 

4. Chemical and Volume Control System (CVCS). 
5. Safety injection system and accumulators. 

 
With regards to the secondary circuit, the following components have been modeled: 
1. The steam lines up to the turbine stop valves, with the relief, safety and isolating 

valves. 
2. The steam dump with the eight valves. 
3. FW and AFW systems. Feed water pumps coastdown and auxiliary mass flows are 

included as boundary conditions. 
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The control systems and protection and engineering safeguards system-signals that 
were modeled are: 

1. Pressurizer level control: CVCS isolating discharge signal, CVCS charge flow and 
heaters. 

2. Pressurizer pressure control: including proportional and backup heaters, spray lines 
and PORVs. 

3. Steam generators level control system. 
4. Steam dump control. 
5. Turbine control. 
6. Protection and engineering safeguard system-signals: Emergency shutdown system 

(SCRAM); safety injection; pressurizer safety valves logic; auxiliary feedwater 
system activation; relief, safety and isolating valves logic of steam lines; normal 
feedwater system isolation, turbine trip and pump trip. 

 
This model has been validated with steady and transient conditions and verified with a 

large set of transients, e.g. [5]. 
 

 
Figure 1: Nodalization of the Almaraz NPP TRACE model 

EMERGENCY OPERATING PROCEDURES RELATED TO SBLOCA SEQUENCES 

In this kind of sequences, SBLOCA with failed HPSI, the operators must follow several 
Emergency Operating Procedures (EOPs). The main tasks of the EOPs corresponding to 
Westinghouse reactor design are schematized in Figure 2 and described in [6]: 

 
1. EOP E-0: Whenever there is a reactor SCRAM the EOP E-0 (Reactor TRIP or 

Safety Injection) must be followed. This procedure contains a foldout page which 
leads the operator to check if RCPs should be stopped. Furthermore, at step 
number 19, operator is led to trip the RCPs, if needed. At the step number 22, the 
RCS integrity is checked and, if it is not intact, there is a transition to EOP E-1 
(Loss of Reactor or Secondary Coolant).  

2. EOP E-1: At step number 1 the operator will check again if RCPs should be 
stopped (they will be manually stopped by the operator if there is at least one 
HPSI pump running and there is loss of subcooling). Following step 11 the 
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operator checks the primary pressure and if it is not below about 15 bar (the exact 
value depends on the NPP) there is a transition to EOP ES-1.2 (post LOCA cool 
down and depressurization).  

3. EOP ES-1.2: In EOP ES-1.2 the operator will cool and depressurize the primary 
system opening the steam dump valves or, if it is not possible, opening the steam 
generator relief valves in the secondary side, controlling that the cooling of the 
RCS is close to 55 Kelvin per hour (K/h).  

There are expected two main actuations by the operator in this kind of sequences: RCP 
trip if necessary (foldout page and step 19 of EOP E-0, and foldout page and step 1 of E-1) 
and cooling RCS at 55 K/h by SG depressurization (step 6 of EOP ES-1.2).  

After TMI-2 accident, RCP trip issue was reviewed and it was concluded that there 
were two main scenarios, depending on HPSI availability [7]:  

1. If HPSI is available, RCPs must be tripped at the beginning of SBLOCA sequences 
in order to avoid worse consequences following a delayed RCP trip. 

2. On the other hand, if HPSI is not available, operators must not trip RCPs in order to 
cool the core by forced convection. 

 
Consideration of uncertain RCP trip time is of great interest, and arises from the fact 

that, in these kind of sequences, sometimes RCPs could not be operated as EOPs establishes 
(i.e. pump vibration which could lead to pump trip as in TMI-2 accident, see for example [8]). 
Indeed, studies on human reliability, e.g. [9], state that operators have a strong tendency to 
stop pumps with suspected vibration noise.  

In this work, cold leg SBLOCA sequences with unavailable HPSI, uncertain RCP trip 
time and break size and early SG depressurization will be analyzed. It will be considered that 
600 seconds is the minimum time for reaching step 6 of EOP ES-1.2, which establishes the 
beginning of manual SG depressurization. 

 

 
Figure 2: Main steps of Westinghouse EOPs related to SBLOCA 
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DAMAGE DOMAIN CALCULATION 

This work focuses on cold leg SBLOCA sequences with unavailable HPSI, with the 
assumption of early secondary-side depressurization and uncertain RCP trip time. The 
objective of this analysis is to obtain the DD of those sequences. With the DD information it 
is possible to obtain the DEF of such transients (not obtained in this work). The calculation 
process performed is the following: 

1. SG depressurization at 600 seconds from break and continuous RCP operation is 
considered (no RCP trip is assumed, tRCP → ∞), as stated in EOPs. A transient is 
simulated for each considered break diameter (1”, 1.25”, 1.5”…). In each one of these 
sequences, damage condition is not reached, see Figure 4, where such success 
transients are depicted as green circles at RCP trip delay of 10000 seconds (actually, 
RCPs are never tripped for those transients, as assumed). 

2. Second step in obtaining the investigated DD consists of simulating transients with 
earliest possible RCP trip (concurrent with break, tRCP = 0) for each considered break 
sizes. These cases reach damage condition (PCT > 1477 K) when break diameter is in 
the interval between 2.5 and 3 inches, see Figure 3. Success and damage transients for 
tRCP = 0 are depicted in Figure 4. 

3. As shown in Figure 4, a set of transients are simulated with different times for RCPs 
trip. Some of those transients exceed the damage condition (red diamond) while other 
paths do not reach it (green circle). 

4. With these results, it is possible to obtain the DD, see Figure 5, by interpolating PCT 
values and connecting the neighboring damage points. Interpolated PCT values are 
depicted in Figure 6. 

 

 
Figure 3: PCT for different break sizes, with depressurization at 600 seconds from break and 

RCP tripped 
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Figure 4: Preliminary step of Damage Domain calculation 

 

 
Figure 5: Final Damage Domain 
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Figure 6: Interpolated peak cladding temperatures 

 
As shown in Figure 5 and Figure 6, it is clear that, for cold leg SBLOCA sequences with 

unavailable HPSI, EOPs (which do not lead to RCP trip if HPSI is failed) are adequate for 
better managing accident, due to damage trend at short RCP trip times. Indeed, according to 
simulations, damage probability is null whenever primary pumps are operating for the first 
hour after break. 

ISA methodology application, which leads to damage domains like that depicted in 
Figure 5, constitutes a powerful methodology for nuclear safety analyses. Furthermore, as 
long as one or more actions with uncertain time are present in a sequence, the available time 
for each action becomes a function of the previous occurrence times. This effect can be 
efficiently afforded in ISA, while only fixed sequence specific available times can be used in 
PSA [10].  

CONCLUSIONS 

 This paper shows a practical example of partial application of the ISA methodology 
for the analysis of cold leg SBLOCA sequences with unavailable HPSI. Main conclusions are: 
 

1. Present EOPs are adequate for this kind of sequences and it is not necessary to 
modify them in PWR Westinghouse designs. 

 
2. In general, the results have shown the capability and necessity of an ISA-like 

methodology, in order to properly account for uncertainties in the time delay of 
operator response and other stochastic events along with usual parametric 
uncertainties in the evaluation of the safety in a NPP. 
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