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INTRODUCTION

Thermal-hydraulic analysis tasks aimed at supporting plant operation and control of nuclear power plants are an important issue
for the Asociacién Nuclear Asc6-Vandellos (ANAV). ANAV is the consortium that runs the Asc6é power plants (2 units) and the
Vandellos-1I power plant. The reactors are Westinghouse-design, 3-loop PWRs with an approximate electrical power of 1000 MW.
The Technical University of Catalonia (UPC) thermal-hydraulic analysis team has jointly worked together with ANAV engineers at
different levels in the analysis and improvement of these reactors. This article is an illustration of the usefulness of computational
analysis for operational support. The contents presented were operational between 1985 and 2001 and subsequently changed
slightly following various organizational adjustments. The paper has two different parts. In the first part, it describes the specific
aspects of thermal-hydraulic analysis tasks related to operation and control and, in the second part, it briefly presents the results of
three examples of analyses that were performed. All the presented examples are related to actual situations in which the scenarios
were studied by analysts using thermal-hydraulic codes and prepared nodalizations. The paper also includes a qualitative evaluation
of the benefits obtained by ANAV through thermal-hydraulic analyses aimed at supporting operation and plant control.

Copyright © 2008 E. Reventds et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The main goal of this paper is to illustrate the usefulness of
computational analysis aimed at supporting and improving
plant operation and control of nuclear power stations. The
contents presented below were operational between 1985 and
2001 at the Spanish NPPs run by the Asociaciéon Nuclear
Ascé-Vandellos (ANAV). These power plants are the Ascd
reactors (2 units) and the Vandellos-1I power plant. They
all are Westinghouse design, 3-loop PWRs with an approx-
imate electrical power of 1000 MW. The Technical University
of Catalonia (UPC) thermal-hydraulic analysis team worked
together with ANAV analysts for an important part of the
mentioned period. Although the joint work was fruitful in
both innovative engineering and research, the scope of activ-
ities currently presented belongs mainly to the former.

The steps that will be followed in presenting the work are

(i) description of specific aspects of thermal-hydraulic
analysis tasks related to operation and control,

(ii) brief presentation of the results of some of the analyses
performed,

(iii) qualitative evaluation of the benefits obtained through
such analyses.

The responsibilities of analysts involved in supporting
plant operation are somewhat different from those of other
analysts that currently produce studies usually found in the
technical literature. There could be some coincidences but
usually their tasks are quite specific. Support tasks for com-
mercial plants are something alive, and change depending on
organizational requirements, status of the plant, and avail-
ability of external help. For this reason, there is some sub-
jectivity in what follows below. The almost continuous orga-
nizational change of the engineering teams working on op-
eration support corroborates what has been said above. The
statement that really defines the function of the operation
support analyst is that he/she shares objectives with the en-
gineering team that assists plant operation by means of en-
gineering studies and decision-making. On some occasions,
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TaBLE 1: Elements in Ascé and Vandellos-II models.
Elements Ascod Vandellos-II
Hydrodynamic volumes 549 613
Control variables 1454 1327
Variable trips 219 234
Logical trips 431 461
Tables 241 227
Interactive variables 117 142

the operation support analyst performs a hundred per cent
of the necessary studies. However, quite often, he or she
looks through the problem, does a few calculations, draws
some preliminary conclusions, and then subcontracts the fi-
nal analysis to an appropriate engineering company. Subcon-
tracting involves a technical follow-up by the plant analyst,
who performs a detailed review that usually includes calcu-
lations devoted to check the consistency of subcontractor’s
results.

In spite of being somewhat subjective, such practises have
been operational for quite a long period and have produced
interesting results as regards utility engineering and safety is-
sues [1]. Many areas of industry follow this approach. Com-
panies and organizations have certain analytical capabilities
and a great knowledge of problems that come up, but they
use external help when there are productivity requirements.
The examples presented are calculations performed along
these lines.

Most of the analyses presented have been performed us-
ing integral plant models. These models are best estimate
(BE) models and are intended to produce a realistic predic-
tion of the studied scenario. In the case of Asc6 and Van-
dellos-1I NPPs, as in the case of other PWRs, they were pre-
pared long ago [2] using codes such as RELAPS.

Preparing an integral plant model is both a meticulous
and laborious task, in which each hydrodynamic system, heat
structure, protection and control systems, and the core itself
are developed individually, starting from the appropriate de-
sign information. Table 1 gives an idea of the degree of detail
for each of the models.

Figure 1 shows the main nodalization diagram of the
Asco plant. Both models include another 4 diagrams repre-
senting safety injection systems, steam lines, main and aux-
iliary feed-water (Figure 2), and detailed diagrams of vessel,
pressurizer and steam generators (SGs). Figure 8 shows an
example of a logic diagram implemented in one of the mod-
els. The number of control systems included with a certain
degree of complexity, as in the case of Figure 8, is approxi-
mately 30 in each model.

The model preparation was made compatible with its use
in operation support. Once the models were used, they pro-
duced the necessary feedback to improve their performance
[3, 4]. The final result of this development constituted a com-
plete product whose features will be commented below.

The aim of these BE models is to produce a realistic pic-
ture of the NPP behavior which will be useful for different
kinds of decision-making. The BE models have improved
their predictive capacity to a great extent; their results have

changed from being a good guidance for general understand-
ing of dynamics to being extremely reliable. If they come to-
gether with certain methodology requirements, they might
also be valid for licensing and management of margins.

The integral plant models are useful tools for the analy-
sis of dynamic behavior whenever certain requirements are
fulfilled. Some of these are related to qualification and doc-
umentation [5] of the models and others are linked to case
analysis. The most important requirement is the analyst’s
professional profile [6]. The analyst needs to have the skills
to guaranty that

(i) nodalizations have been properly set and adjusted,
(ii) the right options have been activated,
(iii) correct assumptions have been made,
(iv) boundary conditions are those that are needed for the
problem.

It is usually said that to produce good results, one needs
a qualified user using a qualified nodalization adapted to the
problem by means of a qualified code [7]. Analyst training
has always been a high-priority issue for ANAV.

2. ANALYSIS TASKS

Most of the analysis tasks mentioned in this section are
extensively discussed in two different IAEA safety reports
[22, 23]. These documents were developed based on broad
international consensus and they describe types and rules
for performing computational analyses devoted to both be-
ing built and operating plants.

The purpose of this section is not to describe every re-
lated task but to add some aspects that are specific of the
functions of the analyst working in support of plant oper-
ation. Terminology and task descriptions used in this paper
are those of the mentioned IAEA reports.

2.1. Dialogue with regulatory body and fuel designer

Dialogue backed up by calculation results has been used suc-
cessfully for many safety issues that have been discussed be-
tween the licensee and the regulator or the fuel designer [8].
The BE prediction of a scenario helps communication on any
engineering subject related to dynamic behavior. As stated in
the introduction, in some cases, the analyst could perform a
complete set of calculations aimed at obtaining licensing. He
or she could use his or her own nodalization, follow a best es-
timate plus uncertainty (BEPU) methodology, and come up
with results to be directly submitted to the safety authority.
In many other cases, results are produced for dialogue [9, 17].
Sensitivity analysis is the most usual practice of providing
support for such communication. It shows clear advantages
in relation to engineering judgement based on calculations
performed using conservative assumptions.

Going into the technique of sensitivity studies in greater
depth, the analyst often ends up sweeping the whole range of
a definite parameter and analyzing the impact or the conse-
quences on the final calculation results. In this way, reason-
able doubts of real values are clarified.
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2.2. Thermal-hydraulic analysis of probabilistic safety
assessment (PSA) sequences

The thermal-hydraulic analysis of PSA sequences, mainly
those of level 1, is normally performed using integral BE
plant models [10, 11]. These are a kind of studies in which
the IAEA rules given in [22] are normally followed and no
additional comments are needed.

2.3. Analysis of actual transients

The simulation of actual transients usually produces in-
depth knowledge of their dynamic behavior. It is also helpful
to investigate and to determine the cause-effect relationships
of the occurred transient [12—14]. This type of analyses must
be performed with high relevance transients or following the
request of engineering groups interested in the behavior of
the systems involved.

One of the most powerful arguments in favor of these
kinds of analysis is that they provide the possibility of gener-
ating time trends of functions and magnitudes that are not
collected by plant instrumentation. Among these variables
are mass flow at any junction (irrespective of whether there is
an implemented instrument or not), magnitudes having val-
ues outside the instrument range, or other functions such as
volumetric fractions of steam in two-phase mixtures.

The most usual objective of this type of analysis is to
guarantee that design limits have been kept during the tran-
sient. Other objectives are

(i) to eventually clarify the abnormal behavior,
(ii) to answer technical questions,

(iii) to collaborate in follow-up actions (engineering, train-
ing, operation, and safety).

2.4. NPP start-up tests analysis

The predictive study of NPP start-up tests is extremely help-
ful for the test coordinator in order to avoid, as far as possi-
ble, mishaps, unexpected interactions, and delays that could
give rise to economic losses [15]. Competitiveness goals of
the electricity business have led the company running the
plant to minimize the number of start-up tests to be per-
formed. This kind of analysis helps to reduce the number of
tests to only those that have proven benefits for both opera-
tion and safety. The expected benefit is usually either better
knowledge of dynamic behavior or the correct performance
of a system or instrument. This benefit could sometimes be
proved by means of a calculation. It is clear that after the im-
plementation of some important modifications to the plant,
an extensive set of tests have to be carried out. However, on
many other occasions some calculations properly performed
could produce the necessary information.

Apart from these important activities related to start-up
tests, standard post-test analyses could also become very sig-
nificant. Important adjustments of the plant model arise very
often from the studies carried out as post-test analyses.

2.5. Analysis of hypothetical transients for
operation support

Emergency operating procedures (EOPs) validation analyses
are the most important studies performed that belong to this
group. In this case again, no additional remarks are needed as
all definitions given in [23] are shared by ANAV-UPC team.

There is also another kind of studies related to opera-
tional procedures. They are usually performed at the request
of the operation team and are aimed at clarifying any circum-
stances related to the involved scenario [16]. On many occa-
sions, these studies are aimed at investigating NPP response
to boundary conditions that have already actually occurred
at another power station.

2.6. Transient analysis for training support

There are two different groups of studies in this field anal-
yses for validation of plant training simulators and analyses
devoted to direct training actions.

The former is defined in IAEA report [22] and is not
needed of any clarification.

The latter is another type of training task that directly
uses the results of thermal-hydraulic analyses. At some power
stations, dissemination of results from dynamic calculations
is organized with the aim of improving the general knowl-
edge of engineers and members of the technical staff. These
training tasks are usually assisted by tools that visualize the
results of integral plant models. The produced images and
animations enable an appealing dissemination of contents
which, communicated otherwise, would not be quite so at-
tractive [18]. Therefore, the combined tool (plant model plus
visualizing tool) is an interesting support for different direct
training actions.

2.7. Design modifications

Plant design modifications also need dynamic analyses. The
goal of these studies is to establish the impact that modi-
fications in components or systems have on the interactive
global operation of the plant. Among these studies, those re-
lated to set-point adjustment, as well as those originated by
important technological changes, are the most significant.
Projects such as the replacement of SGs, the digitalization
of the feed-water (FW) system control, or power upgrad-
ing have required prior developments of the model so that
it could give quite a complete image of predicted plant be-
havior.

2.8. Improvement of plant availability

Integral plant models were prepared in the past to tackle
safety issues and they continue being valid for these pur-
poses. The wide use that they have had in all types of dynamic
analysis of real or hypothetical plant behavior has made them
a valid tool for the improvement of availability or to reduce
the number of unnecessary reactor shutdowns. This capacity,
usually implemented through control improvement, allows
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safety interests to be combined with those of productivity
and competitiveness [13, 16].

3. PROCEDURE AND PROJECTS

In order to fulfil the above-mentioned tasks, usually devoted
to the analysis of either transients that have actually occurred
in the plant or hypothetical ones, some guidelines must be
followed by the thermal-hydraulic analyst.

This section, as the previous one, is not a full description
of procedures and projects. It adds some considerations on
the most specific features involved. Documents like [7, 22]
are giving guidelines and suggestions to carry out analysis
tasks. They cover all aspects including preparing and main-
taining models, performing calculations, and documenting
results. Only two considerations need to be added in this
case.

The first consideration that influences this analyst’s work
is the fact of being a member of an engineering team that
supports plant operation. The analyst works in close contact
with other engineers managing systems, equipment, licens-
ing, reload planning, or quality assurance. As said in the in-
troduction, the operation support analyst shares objectives
with the engineering team that assists plant operation by
means of engineering studies and decision-making.

The second consideration is related to ANAV-UPC model
qualification procedure. This procedure shares basic aspects
with many others and has some specific steps related to tak-
ing advantage of plant experiences for model qualification. It
is described in [19] and currently followed by the team.

All of these tasks have been carried out in ANAV by two
analysts (one per reactor as the 2 units of Asc6 are almost
identical) for the whole 1985-2001 period. External help
from engineering companies was used when necessary. The
most significant projects developed by the ANAV team with
the aim of supporting plant operation are listed below in or-
der to give some idea of the variety and depth of the analyses
carried out.

(1) 1987-1989: analysis of incidental events at Asc6 NPP
(4, 12].

(if) 1989: analytical support to the licensing of the AMSAC
system (mitigation of transients without reactor trip)
for Asc6 NPP.

(iii) 1989-1990: thermal-hydraulic study of sequences for
Asco NPP PSA.

(iv) 1990: analysis of different alternatives to simulate the
behavior of the Asc6 secondary system.

(v) 1990-1991: analysis of the impact of SG tube plugging
on the dynamic behavior of Ascé NPP.

(vi) 1991: analytical support for a “valve wide open test”
of Asc6 NPP turbine (in cooperation with Westing-
house).

(vii) 1992: analysis of Ascd NPP capabilities to face blackout
scenarios.

(viii) 1993-1994: analytical support to the improvement of
pressurizer level control at Ascé.

(ix) 1993: EOP’s verification for Vandellos-1I NPP.

(x) 1994-1996: analytical support to SG substitution at
Asc6 NPP coordinated with the design team (con-
sortium Siemens-Framatome) and the companies re-
sponsible for licensing (ENUSA and Westinghouse).

(xi) 1993-1994: analytical support to FW control system
digitalization and improvement for Asc6 NPP.

(xii) 1995: pretest analyses of start-up tests at Asc6 NPP
with the new SGs.

(xiii) 1996-1997: improvement of the design of the main FW
control system at Vandellos-11 NPP.

(xiv) 1997-1998: implementation of RELAP5/MOD3.2-
NPA for personal computers (collaboration with the
engineering company PMSA) [18].

(xv) 1998: reanalysis of AMSAC behaviour after SG substi-
tution at Ascé NPP [9].

(xvi) 1999-2000: advanced qualification, validation and
documentation of thermal-hydraulic models at Ascé
and Vandellos-II NPPs [19].

(xvii) 1999-2000: analysis of the operating event occurring
at the start-up test of cycle 13 at Asco-I1.

(xviii) 1999: thermal-hydraulic verification of interactive
graphic simulators at Ascé and Vandellos-1I NPPs.

(xix) 1999-2001: update of thermal-hydraulic study of se-
quences for Ascé NPP probabilistic safety assessment.

(xx) 1999-2001: update of thermal-hydraulic study of se-
quences for Vandellos-II NPP probabilistic safety as-
sessment.

(xxi) 1998-1999: analytical support to Ascé NPP uprating.

(xxii) 1998-1999: analytical support to Vandellos-II NPP up-
rating.

(xxiii) 2000-2001: analysis of the operating event occurring
at Asco-1I on August 6th, 2000 [13].

Most of these analyses have produced reports that were
subsequently dealt with either internally (by other ANAV
branches such as PSA, licensing, fuel management, instru-
mentation and control, operation, and training) or externally
(by the regulatory body, the fuel supplier or the engineering
companies involved in developing associated subjects).

The three following sections are aimed at presenting
some practical examples of this kind of analysis. The first
is related to an actual transient (Section 4), the second to
helping dialogue with the regulatory body (Section 5), and
the third to an EOP/PSA transient (Section 6). The examples
are presented in order to emphasize all the features that con-
nect thermal-hydraulic analysis with operational concerns.
More detailed information on the analysis can be found in
specific calculation reports.

4. EXAMPLE OF AN ACTUAL TRANSIENT
ANALYSIS: MAIN FW TURBO-PUMP TRIP
WITH SCRAM CAUSED BY A HIGH-LEVEL
SIGNAL IN AN SG

The selected transient took place in Unit 2 of Asc6 NPP on
August 6th 2000 [13]. The transient started with the trip of
the main FW turbo-pump B when the plant was operating at
steady-state nominal power. An automatic turbine run-back
took place at 200% per minute until a load reference value
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of 70% was reached. Both the steam-dump and rod control
systems actuated in order to compensate the load rejection.
At the same time, the main FW control system required an
increase in the speed of turbo-pump A and the opening of
FW valves to avoid a decrease of SG levels.

Subsequently, a first manual action was taken, consist-
ing of an additional manual run-back of about 14%, with
a new automatic steam-dump opening. SG levels decreased
and reached their minimum values of 18%, 20%, and 26%.

At this point, a second manual action took place, as a
rapid increase in level was noticed in all SGs (150 seconds).
The operator then manually closed the main feed water valve
in loop 3 by about 20%. Under these conditions, the level of
SGs 1 and 2 increased quite quickly and the automatic con-
trol produced a closing signal for the related valves (200 sec-
onds). The flow increased unexpectedly in loop 3, still under
manual control, and its level subsequently rose until it pro-
duced a reactor trip due to a high-level signal (Figure 5).

The unexpected flow increase was the concern of the op-
eration team. A main FW turbo-pump trip usually leads to
a turbine run-back and to renewed stability at lower power
which allows the scram to be avoided. The behavior of the
plant seemed, a priori, abnormal.

To start with the analysis, the available technical informa-
tion was studied. The first available block consisted of general

Time (s)

FIGURE 5: SG3 narrow range level (FW turbo-pump actual tran-
sient).

information on the description of the systems involved. It in-
cluded

(i) turbine run-back system description,
(ii) main FW system description,
(iii) types of run-back,
(iv) run-back due to main FW turbo-pump trip.

Some functional features were also analysed such as

(i) main FW system layout,
(ii) performance with only one FW turbo-pump/transi-
tion,
(iii) common FW header effect.

As the analyst belonged to the engineering team support-
ing plant operation, system characterization and functional
aspects were easily identified by means of first-hand contact.
The run-back system was fully implemented in the model.
FW turbo-pumps were included using the RELAP5 “pump”
component and characterized by all necessary mechanical
parameters.

The effect of the common header was experienced in
the plant. It consisted of the fact that the partial closure of
any FW valve produces an increase in the pressure upstream
(header pressure) and, consequently, an increase in the flow
through the other valves. Although Figure 2 is only a diagram
of FW system, it helps to understand the layout of the header
and valves and the phenomenon itself.

Post-trip information, including the sequence of events
and time-histories of the main variables, was available and
helpful to assess the plant model. Time histories are easily
converted to time graphs for discussion and for compari-
son (Figures 4 to 7 include such data). The package also in-
cludes operator reports, which are structured information
produced following an established procedure that is applied
immediately after the transient occurs. It comprises control
room display values, parameters, and alarms and also a brief
description of manual actions taken by the operators.

In this case, as can be seen in Figures 6 and 7, a sharp in-
flexion appears in the loop 1 FW mass flow graph (A), while
two of them appear in loop 3 (B and C). Only B was easily
identified as the manual closure of the loop 3 FW valve. It
was suspected that A could have been an automatic action,
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as the operator report made no reference to it. Event C was
not identified at first by the operation team.

The subjects and questions that arose both internally
(first) and externally (later on) by the safety authority were
the following.

(1) Was the reactor scram really due to SG high level?

(2) The run-back system is designed to avoid reactor
scram. Was it properly set up?

(3) Was the trip due to loop asymmetry?

(4) Was it due to the additional run-back?

(5) The FW closure did not seem to be related to a high-
level signal.

(6) At least 3 sharp inflexions appear in the post-trip FW
flow time histories. Detailed identification is needed.

In order to answer the above questions some calculations
were performed:

(a) generic turbo-pump trip with actual geometry of the
real plant,

(b) turbo-pump trip with additional manual run-back,

(c) turbo-pump trip with additional manual run-back
and partial manual closure of FW 3.

Calculation (a) was performed with the turbo-pump trip
as the only specific boundary condition. The nodalization
was modified to take into account the geometry of actual
FW pipes in the real plant (they are different depending on

the loop they belong to). The conclusions of this first cal-
culation were that although the subsequent level oscillation
comes very close to the high-level set point (Figure 3), the
run-back system seemed to be correctly designed since it
avoids scram. In addition, asymmetry produced some devi-
ation among maximum values of each loop, but not a great
one. The calculation results help to answer questions (1), (2),
and (3).

In calculation (b), an additional manual run-back at time
71 seconds, was simulated. For possible comparisons, the de-
velopment performed for the previous transient was kept, al-
though it was not necessary. The additional run-back did not
produce either a low or high SG level. Cases (a) and (b) were
so similar that we do not show a figure for the latter, although
a certain improvement of the margin was appreciated. Calcu-
lation (b) provided the answer to question (4).

In calculation (c) both manual actions were simulated as
they occurred in the actual transient:

(i) additional manual run-back at 71 seconds,
(ii) FW 3 partial manual closure at 150 seconds.

The results can be appreciated in Table 2 and Figures 4-7.

The observed inflexion C (Figure 7) finally was the result
of two combined effects. C was partially due to the impact of
the automatic closure of loops 1 and 2 on loop 3. Inflexion
C was also caused by the fine mechanism of partially closing
a valve from the control room. This operation always shows
a period of closure and a subsequent release of the driving
device. Different attempts had been tested reasonably com-
bining different times of closure/release. Calculation (c) uses
the best combination of them and explains what could have
happened in the plant.

Therefore, in order to draw conclusions on the actual ca-
pabilities of a protection system, many apparently nonsignif-
icant engineering features must be clarified. The information
produced allows the adequacy of run-back design to be cor-
roborated and helps to enhance the database of useful expe-
riences.

The follow-up actions arising from this analysis started
from the fact that design adequacy is confirmed by the results
of the calculations. No actions were taken on cause analysis,
or design limits. Furthermore, no design or procedure mod-
ifications were needed. The only action taken was focused on
informing on “lessons learned” about run-back effectiveness
and on the fine behavior of main FW valves.

The transient, in any case, was significant enough to be
included in the qualification matrix of the Asc6 NPP plant
model.

5. EXAMPLE OF A HYPOTHETICAL TRANSIENT
ANALYSIS: LOSS OF MAIN FW WITHOUT SCRAM

The scenario selected for this example was related to the char-
acterization of ATWS mitigation system actuation circuitry
(AMSAC), a system designed to mitigate the consequences
of anticipated transients without scram (ATWS). It is an ex-
ample of a calculation [9] aimed at providing the grounds for
dialogue with the safety authority. AMSAC adequacy is regu-
lated following a procedure based on two different premises
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TaBLE 2: Sequence of events for FW turbo-pump actual transient.

Event Recorded Qalculated
time (s) time (s)
Main FW turbo-pump stop 21 21
Run-back automatic signal 22 22
Additional manual run-back 71 71
Manual closure of FW 3 150 150
Automatic closure signal of FW1 and 2 201 196
Reactor scram due to high SG3 level 240 249

or statements considered as the starting point of the analy-
sis/discussion. The premises are

(i) an existing generic assessment establishes the effective-
ness of the combined effect of the AMSAC and in-
herent nuclear feedback [20] such as moderator tem-
perature coefficients of current core designs to reduce
power thus ensuring that primary pressure peak re-
mains below design limits,

(ii) PSA models show reasonably high results for reactor
protection system (RPS) reliability.

These two statements are accepted and supported by pre-
vious calculations that are not part of this analysis. The first
statement defines the generic licensing and the second one is
a kind of requirement needed to start dialogue.

The current analysis is devoted to extend generic results
to future core designs. Thus, if future core designs maintain
or improve feed back effects of current design, the effective-
ness of mitigating actions is ensured. All of this will induce
the regulatory body and licensee to discuss how a plant such
as Asco or Vandellos-1I (with a definite core design and relief
capacity) fits within the generic assessment.

Transients without scram are managed by using core
feedback effects. AMSAC protection is designed to improve
the success of the strategy. In any transient in which primary
pressure and temperature are allowed to increase, there is a
risk of overpressure that needs to be both studied and con-
trolled.

The general philosophy of the protection is to use the ef-
fects of fuel and moderator feedback in order to produce a
power decrease at an initial stage, and subsequently, at a sec-

ond stage, to allow normal relief systems to maintain primary
pressure within mechanical limits established by the ASME
code. Thus, protection features together with relief capacity
have been tested in this study.

The transient presented below is a loss of FW with-
out scram, as this case is traditionally considered to be the
most crucial scenario among those initiated by a condition
IT event. For a given plant, it must be demonstrated that by
following this event and assuming RPS failure, the reactor
power decreases and primary pressure does not exceed the
ASME limit.

The logic of the protection system can be followed in the
corresponding diagram (Figure 8). An AMSAC signal is pro-
duced when 2 out of 3 narrow-range SG level signals become
lower than the so-called low-low set point. This signal is de-
layed a few seconds and it activates the turbine trip and the
automatic start-up of the auxiliary feed-water (AFW). At a
first stage the turbine trip produces a pressure and tempera-
ture increase leading to power reduction (through feed-back
effects) and the AFW start-up at the second stage helps to re-
cover the plant. The delay must be properly tuned in order to
fulfil the mitigation goal.

In order to simulate the transient and to characterize the
protection actuation, some relevant aspects have to be taken
into account, basically neutronic feed-back, signal delay, pri-
mary relief capacity, heat transfer from primary to secondary
side, and secondary relief capacity.

Neutron-kinetics and thermal-hydraulics are coupled in
this case. Fortunately, the transient is symmetric and zero-D
kinetics with enhanced fuel and moderator tables were the
suitable option. Although standard information from the
core designer [21] is related to operation ranges for reactiv-
ity feedback, improved tables were available covering wide
ranges of moderator densities. Fuel effect is also relevant, but
it was not necessary to include additional information to the
kinetic model.

Several calculations were performed in order justify the
signal delay proposed by the designer. Once the behavior
of the involved systems was characterized, two calculations
were performed: one with and one without protection ac-
tuation. For simplicity, only the results of the first calcula-
tion are presented. Figure 9 shows moderator average tem-
perature and nuclear power. An increase in the moderator
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FIGURE 9: Average temperature and nuclear power (AMSAC tran-
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FIGURE 10: Heat transfer in SG1 and primary pressure (AMSAC
transient).

temperature results in a decrease of nuclear power. Figure 10
shows heat transfer in SG1 and primary pressure. Heat trans-
fer decrease during the first phase causes an increase in av-
erage moderator temperature. Heat transfer in the second
phase remains at a nonzero value, which contributes to en-
ergy extraction and results in a primary pressure peak of
about 17.95 MPa, which is clearly lower than the ASME limit
(3200 psia or 22.06 MPa). The pressure peak evaluated in the
base calculation without AMSAC activation showed a value
of 21.81 MPa.
The results prove, for the considered core design,

(i) the effectiveness of AMSAC system,
(ii) the capability of relief and safety valves to mitigate
pressure peak.

The study is an illustration of the usefulness of a BE plant
model with a rather simple but effective coupled neutronics.
It is also an example of how calculations result could provide
the basis for dialogue with the regulator. The BE prediction
of the scenario helps characterizing the interactive behavior
of the involved systems.

6. EXAMPLE OF AN EOP/PSA TRANSIENT ANALYSIS:
TOTAL LOSS OF FW

EOP/PSA transient analyses are the most usual studies that
are traditionally performed using integral plant models.

Analytical support for EOPs development is a very com-
plex task requiring a great deal of effort. A specific IAEA re-
port [23] establishes the tasks related to such activity which
currently involves different organizations. ANAV-UPC coor-
dinated team has been in many occasions the responsible of
validation analyses.

The selected group of scenarios for this example is the
“total loss of FW,” which occurs due to a main FW turbo-
pump trip or due to a malfunction of the main FW valves
[10].

The generic information available consists of the descrip-
tion of the feed and bleed (F&B) procedure, as well as the
description of the systems involved.

The simultaneous failure of the AFW system causes loss
of the heat sink and, shortly after, both the turbine and the
reactor trip.

The operators start following the EOP “Reactor trip
and/or Safety Injection” The first steps of this EOP verify
the function of the AFW and try to ensure recovery. As
Ascéd EOPs are symptom oriented, the minimum time for
transfer to the specific EOP “loss of heat sink” is quite long
(about 10 minutes). For all this period of time, the level
of the steam generators will uniformly decrease. Once the
wide-range level of 2 out of 3 SGs becomes less than 6%, it
is time to start the F&B procedure: reactor coolant pumps
(RCPs) are tripped, 2 out of 2 pressurizer power operated re-
lief valves (PORVs) are opened and high pressure injection
system (HPIS) is activated.

After a period of time, the plant will be cooled down and
the final steps of the procedure aim to properly stop the HPIS
and to close PORV once the plant has been recovered (EOP
“Finalizing Safety Injection”).

The objective of the analysis is to prove the effectiveness
of the primary F&B procedure and to answer questions and
subjects, set by both the operation and PSA groups, related
to

(i) timing evaluation,
(ii) possibility of successfully executing the procedure hav-
ing only 1 relief valve available.

The scenario selected as the base case for this analysis has
the following features and assumptions:

(1) loss of FW at time 50 seconds,
(ii) failure of 1 out of 2 HPIS trains and the availability of
only one single PORYV,
(iii) AFW and steam-dump unavailable,
(iv) no recovery actions are assumed.

Manual actions are the following:

(i) at time 350 seconds RCPs are stopped and their coast
down is initiated;

(ii) time to start the procedure is set to the minimum rea-
sonable time, 600 seconds, (i.e., 600 seconds after the
wide-range level of 2 out of 3 SGs reaches 6%, PORV
is opened and HPIS is actuated).

After the total loss of FW takes place, heat transfer from
the primary to the secondary side degrades and causes a de-
crease of the SG level. Once this symptom has been detected,
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the procedure starts by opening 1 PORV and actuating 1
HPIS train. Water injected into the primary system at low
temperature is heated by decay power and comes out through
the relief valve. The procedure results in a pressure decrease
(see Figure 11), which means that energy produced is com-
pletely extracted.

The base case brings the plant to a safe situation with-
out violating design limits as hot rod clad temperatures show
a general decreasing trend during the whole transient. The
calculation properly captures the main relevant thermal-
hydraulic features of the scenario.

Once the base case has been successfully simulated, a
strategy is defined to answer the following:

(i) impact of PORV and HPIS partial availability (less
than 2 PORV or 2 HPIS trains),
(ii) maximum time to start the procedure after the level
symptom occurs,
(iii) relevant heat sink recovery phenomena (although re-
covery actions are quite fast, they involve different
components and need some time).

If the answers to the questions above are obtained, the
operation team will have a better general picture of the sce-
nario and related phenomena. As obviously each answer has
an impact on the others, the strategy applied is to launch
quite a large number of combined scenarios in order to cover
different situations that could potentially occur. For a given
combination of component availability, a series of different
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FIGURE 13: Reactor vessel level (F&B availability study).

procedure starting times have been tried and for each of these
calculations heat sink recovery was also imposed at different
times.

The total number of cases was 61. The following para-
graphs show the most relevant results of the study.

Two findings were identified in the sensitivity study re-
garding the impact of the partial availability of PORVs and
HPIS trains. Stress must be laid on the word “identified” as
this is the aim of a study oriented, as a first approach, to op-
eration support.

(i) The first finding is related to the connection be-
tween operation and PSA. With the availability of one
PORYV and one HPIS train, the plant can be recovered
(Figure 12). Although this statement is made based on
multiple calculations sweeping over different ranges of
operation boundary conditions, it is still pending fur-
ther analysis (basically uncertainty evaluation).

(ii) The second is related to an interesting phenomenon
that takes place in the transients with the availability
of 2 valves and 1 train. In this transient the depressur-
ization rate is high (2 valves) and water supply is low
(1 train). High depressurization instantly affects all the
primary circuit, produces a lower saturation tempera-
ture and helps steam generation in the core. This result
does not seem critical at all, as it only causes a small
peak of temperature quite within design limits and it
is a useful result for operation, as it explains a non-
intuitive situation: the Reactor Vessel Level Instrumen-
tation System (RVLIS) implemented in Asc6 NPP can
supply a lower level value in a situation with higher
availability of components (see Figure 13).

A second sensitivity study was performed to establish the
maximum time to start the procedure.

Figure 14 shows the hot rod clad temperature for a se-
lected group of transients described in Table 3. In 2 out of 4
cases (time to start procedure after symptom equals 600 s and
3000s) the maximum temperature remains below 1477°K
(2200°F). In the case of a delay of 5700 s the clad temperature
goes slightly beyond this limit and plant recovery is not suc-
cessful. In between, there is a case that needs further analysis
(a delay of 51005s).
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TABLE 3: Features of selected transients (F&B starting time analysis).

Starting time of the F&B procedure (s)

Case 1600s Case 2 3000 s Case 35100s Case 4 5700s
Main FW turbo- 50 50 50 50
pumps stop
Turbine and reactor 50 50 50 50
stop
Manual action: RCP 350 350 350 350
stop
2 out of 3 SG wide 1782 1782 1782 1782
range level reach 6%
Manual action: PORV 2382 4782 6882 7482
is opened
Manual action: HPIS 2382 4782 6852 7482
is actuated
Clad maximum tem-
perature is reached 48 (622K) 4220 (628 K) 7240 (1460 K) 7610 (1652K)
(clad maximum
temperature)
Transient end 13000 13000 13000 13000
Hot rod clad temperature Hot rod clad temperature
1800 900
1600 + 1477 K 800 - b
e ] Without recovery
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= 1200 A o 600
£ 1000 2 500 A
g 300 4 E 400 Feed water recovery 4500 s
£ 600 - g 300 A !
5 5] With recovery
= 400 A N 600 = 200
200 - 100 ~
0 T T T T T 0 T T T T T
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000
Time (s) Time (s)

FIGURE 14: Hot rod clad temperature (F&B starting time analysis).

This study establishes a first approach for the maximum
time available for starting the F&B procedure (5100s) and
bringing the plant to a safe situation. This result is interesting
not only for PSA, but also for operation and training. Never-
theless, as it is just a first-approach calculation, it needs to be
confirmed after evaluating the associated uncertainty.

The sensitivity study aimed at analysing heat sink recov-
ery actions provides quite useful information for operators,
as it establishes the relationship between the actions per-
formed and trends and data that can be observed in the con-
trol room. This point is especially interesting in operation
and training, even though Ascé EOPs are symptom oriented.

The clad temperatures of the selected case with and with-
out heat sink recovery are shown in Figure 15. On the one
hand, the transient without heat sink recovery shows a short
partial core uncover with a corresponding temperature in-
crease, but ends in a safe situation. On the other hand, the
transient with heat sink recovery at 4500 s completely pre-
vents the mentioned increase.

FiGure 15: Hot rod clad temperature (F&B heat sink recovery anal-
ysis).

The results obtained in the study of the group of scenar-
ios of “Total loss of feed water” for Asc6 NPP are valuable for
the safe operation of the plant.

The analysis provides answers for different operation
questions about the studied scenarios and produces a better
general picture of the group of transients and related phe-
nomena. It also helps to get a better understanding of PSA
results, as they are corroborated.

The analysis identifies, among all the transient runs per-
formed, those that require further study of the uncertainty
evaluation. Future work on this point can be straightfor-
wardly directed to recognized calculations.

7. CONCLUSIONS

Dynamic analysis supporting plant operation is an engi-
neering task that shares objectives with other engineering
branches that support plant operation. It is connected with
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different technical features of plant design and produces re-
sults that are useful for safety, operation, design and training.

ANAV has had an important advantage by having its own
analysts on its technical staff. As members of the correspond-
ing engineering team, the analysts have been essential in or-
der to smooth the relationship between different organiza-
tions involved in the most important decisions taken related
to the operation and safety of the Asc6 and Vandellos-II re-
actors.

The main tool of this type of analysis has been the inte-
gral plant model. After 15 years of these practices, nodaliza-
tions have been maintained and improved at a quality level
to ensure optimum performance. During all this time ANAV
analysts have worked together with the UPC team at differ-
ent levels. Innovative engineering and research compose the
scope of analytical activities that have resulted fruitful for
both the utility and the university.

Anticipating expected behaviour has revealed itself to be
extremely useful for operation support and decision-making.
Some results of the analysis performed were crucial at the
time they were produced, such as the impact of SG tube
plugging on the dynamic behaviour of Asc6 NPP. Some were
complete and helpful for safety, such as support to the licens-
ing of the AMSAC system. Some others were a combined ef-
fort by different organizations, such as the analytical support
to SG substitution at Asc6 NPP. The more the nodalizations
are used by qualified users with a deep knowledge of them,
the more accurate and useful they become, not only for safety
issues, but also for issues related to operation and engineer-
ing.
The study fulfils its objective of illustrating the usefulness
of computational analysis for operational support.

ACRONYMS

AFW:  Auxiliary feed water

AMSAC: ATWS mitigation system actuation circuitry
ANAV:  Asociacién Nuclear Asco-Vandellos

ATWS:  Anticipated transient without scram
ASME: American standards of mechanical engineering
BE: Best estimate

BEPU:  Best estimate plus uncertainty

EOP: Emergency operating procedures

F&B: Feed and bleed

FW: Feed water

HPIS:  High pressure injection system

NPP: Nuclear power plant

PORV:  Power operated relief valves

PSA: Probabilistic safety analysis

PWR:  Pressurized water reactor

RCP: Reactor coolant pump

RPS: Reactor protection system

RVLIS: Reactor vessel level instrumentation system
SG: Steam generator

UPC:  Technical University of Catalonia
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