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1. Introduction

The analysis of the mechanical integrity of Light Water Nuclear Reactors has experienced a
strong evolution in the two latest decades. Until the nineteen eighties, the structural design
was practically based on static loads with amplifying factors to take dynamic effects into ac‐
count, (see e. g. Laheyand Moody, 1993), and on wide safety margins. Even if an incipient
methodology for studying earthquake effects already existed, it was only at the end of the
nineties when a complete analysis about dynamic loads, caused by a steam line guillotine-
break of a BWR, was carried out for the first time (Hermansson and Thorsson, 1997). This
analysis, based on a three-dimensional Computational Fluid Dynamic (CFD) simulation of
the break, revealed a discrepancy with former applied loads that had never been exposed in
the past due to inappropriate experimental setup geometry (Tinoco, 2001). In addition, the
analysis pointed out the importance of also studying the load frequencies. The complete is‐
sue is further discussed in Section 3.

Nonetheless, CFD has shown to be a much more versatile tool. Issues like checking the max‐
imum temperature of the core shroud of the reactor, when the power of the reactor is uprat‐
ed (Tinoco et al., 2008), or estimating the thermal loadings during different transient
conditions when the Emergency Core Cooling System (ECCS) has been modified, (Tinoco et
al., 2005), or studying the automatic boron injection during an Anticipated Transient With‐
out Scram (ATWS),(Tinoco et al., 2010a), have all been settled by means of CFD simulations.

Even more significantly, a rather complete CFD model of the Downcomer, internal Main Recir‐
culation Pumps (MRP) and Lower Plenum up to the Core Inlet, (Tinoco and Ahlinder, 2009),
has shed some light concerning the thermal mixing in the different regions of the reactor and al‐
so about the appropriateness of using connected sub-models as constituting parts of a larger
model. The complete matter of thermal mixing is discussed in detail in Section 4.
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Last but not least, CFD has demonstrated that it can be used to establish the causes of compo‐
nent failure. Even if justified suspicions existed about the cause of two broken control rods and
of a large number of rods with cracks at the twin reactors Oskarshamn 3 and Forsmark 3, no
knowledge existed about the details of the failure process (Tinoco and Lindqvist, 2009). It was
first when time dependent CFD simulations revealed the structure of the thermal mixing proc‐
ess in the control rod guide tube that the cause, thermal fatigue of the rods, was confirmed and
understood (Tinoco and Lindqvist, 2009, Tinocoet al., 2010b, Angele et al., 2011). This subject,
together with the general problem of conjugate heat transfer, is analysed in Section 5.

Firstly, this chapter intends to communicate an historical view of CFD applied to the analy‐
sis of the mechanical integrity of Light Water Nuclear Reactors. Secondly, the chapter exam‐
ines and evaluates several methodologies and approaches corresponding to the present and
future modelling in the field of thermal hydraulics related to this type of analysis.

2. The determination of loadings

Considering the devastating effect that uncontrolled loadings may have on life and property,
this section will begin by evoking the history of pressure vessel advance. This road to progress
is paved with disastrous accidents which, during the decade of the eighteen eighties, amount‐
ed in the USA to more than 2000 boiler explosions. The establishment of ASME in February
1880 was, according to legend, directly prompted by the need to solve the problem of unsafe
boilers (Varrasi, 2005). But it was first after the explosion on March 20, 1905, of the boiler of the
R. B. Grover & Company Shoe Factory in Brockton, Massachusetts, (see Fig. 1 below, USGen‐
Web, 2011, Ellenberger et al., 2004) that the real effort of developing rules and regulations for
the construction of secure steam boilers speeded up, urged by the public opinion. During the
subsequent years, many states legislated, without too much coordination, about what was con‐
sidered suitable instructions and procedures, leading to inconsistency in the construction re‐
quirements. Finally, in the spring of 1915, the first ASME Rules for Construction of Stationary
Boilers and For Allowable Working Pressures consisting of one book of 114 pages, known as the
1914 edition, was made available, and the path towards regulation uniformity commenced.

 

Figure 1. View of the R. B. Grover & Company Shoe Factory before (left) and after (middle and right) the boiler explo‐
sion on March 20, 1905, that killed 58 persons and injured 117, (USGenWeb, 2011, Ellenberger et al., 2004).
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Since then, the ASME Code has become both larger and more comprehensive, comprising
today 28 books, with 12 books dedicated to the Construction and Inspection of Nuclear
Power Plant Components. Fortunately, even the boiler explosion trend in the USA has radi‐
cally changed since 1905, as Figure 2 below shows.

Figure 2. Trend for boiler explosions in the USA (from Hill, 2008).

For nuclear applications, the complete ASME code is mandatory only in the USA. In the Eu‐
ropean Union, on the other hand, no coordination process has been agreed. The Pressure
Equipment Directive, (EU, 1997), has been adopted by the European Parliament and the Eu‐
ropean Council for harmonizing the national laws of Member States to promote and facili‐
tate trade and exchange between States. But in the nuclear field, the application limits of the
Directive and the Nuclear Codes (possibly ASME) have to be agreed with the National Nu‐
clear Regulatory Authorities.

2.1. Section III

The ASME Boiler and Pressure Vessel Code, Section III, Rules for Construction of Nuclear
Power Plant Components, of which the last Edition is from 2010, (ASME, 2010), regulates
the design and construction of nuclear facility components. This Section “provides require‐
ments for the materials, design, fabrication, examination, testing, inspection, installation,
certification, stamping, and overpressure protection of nuclear power plant components,
and component and piping supports. Components include metal vessels and systems,
pumps, valves, and core support structures.”

Section III comprises Divisions 1, 2 and 3 and the introductory Subsection NCA that speci‐
fies General Requirements for Divisions 1 and 2. Division 1 contains eight Subsections,
namely NB, for Class 1 Components, NC, for class 2 Components, ND, for class 3 Compo‐
nents, NE, for class MC Components, NF, for Supports, NG, for Core Support Structures,
NH, for Class 1 Components in Elevated Temperature Service, and Appendices, both man‐
datory and nonmandatory, including, inter alia, a listing of design and design analysis
methods.
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2.2. Categorisation of parts in code classes

The aforementioned Code classes are proposed for the categorisation of parts of a nuclear
power system, in accordance with the level of importance related to their function in the safe
operation of the plant. However, the Code does not provide guidance for classifying the dif‐
ferent parts. Classification, which is the responsibility of the Owner, has to be achieved by
applying system safety criteria to be found in engineering standards and/or requirements of
the Nuclear Regulatory Authorities. For instance, Class 1 components are those that are part
of the primary core cooling system, or components that are used in elevated temperature
service, and are constructed in accordance with the rules of Subsection NB. Class 2 compo‐
nents are those that are part of various important-to-safety emergency core cooling systems,
and are constructed in accordance with the rules of Subsection NC. Class 3 components are
those that are part of the various systems needed for plant operation, and are constructed in
accordance with the rules of Subsection ND. Class MC components are metal containment
vessels constructed in conformity with the rules of Subsection NE. Class CS components are
core support structures constructed in accordance with the rules of Subsection NG. Manda‐
tory and/or nonmandatory modifications and/or extensions to these classes may be included
by Nuclear Regulatory or other Authorities, (STUK, 2000, IAEA, 2010).

2.3. Mechanical integrity and design specifications

The requirements for mechanical integrity are based on Norms and aim at ensuring that nu‐
clear components shall withstand pressure and other types of loadings without system
break or leakage. The Class to which the component belongs to shall govern the choice of
Norms that are used for the analysis of its mechanical integrity. Design Specifications for
mechanical integrity shall indicate the Loadings and Loading Combinations that a mechani‐
cal component is submitted to and, at the same time, the acceptable level of the Loadings
and Loading Combinations, i.e. Loading Limits.

Within the realm of the ASME Code, the introductory Subsection NCA covers “general re‐
quirements for manufacturers, fabricators, installers, designers, material manufacturers, ma‐
terial suppliers, and owners of nuclear power plants”, (ASME, 2010). Here, Subsection
NCA-2142 imposes to the Owner or his designee the duty of “identify the Loadings and
combinations of Loadings and establish the appropriate Design, Service, and Test Limits for
each component or support”. For this purpose, Loadings are separated into Design, Service
and Test Loadings, and their Limits correspond to the acceptable Loadings permitted in a
structural analysis. General directions about the characterization of Design, Service and Test
Limits may be found in Subsection NCA-2142.4.

In order to be able to determine the Loadings that a component or support is submitted to,
the different operating conditions that may affect the component or support have to be de‐
fined. The selection should include Normal Operation, Abnormal Conditions and Accidents
that the component or support shall successfully withstand. Also, to be able to estimate the
Limits that the Loadings must conform to, each operation condition must be related to an
occurrence probability, being a lower probability associated with higher acceptable Limits.
This matter may be solved by an event classification such as that of ANSI/ANS (1983a) for
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PWR and ANSI/ANS (1983b) for BWR. Here, Plant Condition PC1 corresponds to normal
operating conditions, PC2 to anticipated conditions (occurrence frequency of > 10-2 times/
year), PC3 to abnormal operating conditions (occurrence frequency of 10-2 - 10-4 times/year),
PC4 to postulated accidents (occurrence frequency of 10-4- 10-6 times/year) and PC5 to low
probability accidents (occurrence frequency of 10-6 - 10-7 times/year).

2.4. Design loadings and limits

Subsection NCA-2142.1 indicates that the Design Loadings shall be specified by stipulating
(a) the Design Pressure, (b) the Design Temperature and (c) the Design Mechanical Loads.
External and internal Design Pressure shall be consistent with the maximum pressure differ‐
ence between the inside and outside of the item, or between any two chambers of a combi‐
nation unit. The Design Temperature shall be equal to or higher than the expected
maximum thickness-mean metal temperature of the part considered. The Design Mechanical
Loads “shall be selected so that when combined with the effects of Design Pressure, they
produce the highest primary stresses of any coincident combination of loadings for which
Level A Service Limits (see below about limits) are designated in the Design Specification”.
Primary stresses are those arising from the imposed loading, not those developed by con‐
straining the free displacement of the structural system. Primary stresses are necessary to
satisfy the mechanical equilibrium of the system. The component or support shall be struc‐
turally analysed for the Loadings associated with Design Pressure, Design Temperature and
Design Mechanical Loads where, in general, their possible cyclic or transient behaviour is
not included.

Design Limits shall designate the limits for Design Loadings. The Limits for Design Load‐
ings shall conform to the requisites given in the applicable Subsection of Section III, i.e. NB,
NC, ND, NE, NF or NG. In the event of Loadings that are not structurally analysed, the Lim‐
its are set to the same level as Service Limits A (see below).

2.5. Service loadings and limits

From the defined operation conditions, the Service Loadings may now be derived. Service
Loadings are all loadings that a component is subject to under predictable normal and ab‐
normal operational conditions and postulated accidents that have to be included in the De‐
sign Specification. More specifically, Service Loadings are pressure, temperature loads,
mechanical loads and their possible cyclic or transient behaviour (see e.g. Subsection
NCA-2142.2). Related loadings shall be integrated in Service Loading Combinations which,
together with the corresponding Plant Condition or assigned probability, shall be assessed
against relevant Limits.

According to Subsection NCA-2142-3, Service Limits are divided into four levels, namely
Service Limits A, B, C and D. Service Limit A corresponds to bounds that contain the safety
margins and factors that are required for the component to completely fulfil the specified
performance. Service Limit B corresponds to bounds that contain smaller safety margins and
factors than Limit A, but that still ensure a component free from damage. Service Limits C
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and D correspond to bounds with even more reduced safety margins and factors that now
may lead to permanent deformation and damage of the component, a situation requiring re‐
pair of the component. The last two Limit levels may not be suitable for pressure vessels
since their mechanical integrity should not be jeopardised.

The Plant Conditions (operation conditions together with their corresponding occurrence
probability) shall decide which Limit to be applied. This coupling shall be account for in the
Safety Analysis of the system (see e.g. ANSI/ANS 51.1 or ANSI/ANS 52.1, Appendix 2).

In the evaluation of a component according to Section III, Subsections NB, NC, ND, NE, NF
or NG, quantifying values corresponding to Service Limits A to D shall be assigned to the
allowed stresses.

2.6. Test loadings and limits

Test Loadings correspond to all Loadings that a component is subjected to during the tests
that the component has to undergo. In general, these correspond to pressure tests but, if oth‐
er types of tests are required, these must be stated in the Design Specification (see Subsec‐
tion NCA-2142.3).

Test Limits indicate bounds for the tests to be performed on a component. In the evaluation
of a component according to Section III, Subsections NB, NC, ND, NE, NF or NG, quantify‐
ing values corresponding to the Test Limits shall be assigned to the allowed stresses.

2.7. Load combinations

The overall-categorized Loadings with their corresponding Limits comprise a part of the
background necessary to accomplish a structural analysis. Its complementary part is consti‐
tuted by Load Combinations, the definition of which is, according to NCA-2142, a responsi‐
bility of the Owner of the Nuclear Facility, or of his designee. The combination of already
identified Loads has to consider the type of Load, i.e. static or dynamic, global or local. In
addition, the combination has to determine if they are consecutive or simultaneous, i.e. pres‐
sure and temperature loads related to a Loss of Coolant Accident (LOCA). Also, the time
history of each Load shall be taken into account in order to prevent an unlikely superposi‐
tion of non-simultaneous peaks. Eventually, the occurrence probability of each load combi‐
nation shall be assessed.

Consequently, Design Conditions may include not only static loads like Design Pressure
(DP), Design Temperature (TD) and Dead Weight (DW) but also dynamic loads like those
generated by, for instance, the opening/closing of one safety valve (GV/SRV(1)). In the com‐
bination notation, the number of valves involved is indicated within parenthesis. Also, the
occurrence probability of the maximum load may be added as the inverse of the number of
valve activations under which this maximum is achieved, for instance “≥ E-3”, meaning the
maximum load in 1000 activations (see e.g. Table 1).

More specifically, the loadings due to Operational Transients and Postulated Accidents
may, for instance, include the Operation Pressure (PO), the Operation Temperature (TO),
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temperature transient (TT), joint displacement of reactor nozzle (D/RPV), building displace‐
ment (DB), condensation-induced water hammer when starting the high pressure Emergen‐
cy Core Cooling (HP-ECCS) system or the Feed Water System (WH/SC), water hammer by
star/stop of a pump (WH/PT) and global vibration due to safety valve discharge (GV/SRV).

The loadings due to Postulated Accidents may also include water  hammer caused by a
pipe break external to the Containment (WH/PBO), reactor vibrations generated by inter‐
nal pipe break in the Containment (PRVV/PBI), global vibrations due to condensation os‐
cillations in the suppression pool (GV/CO) and global vibration by condensation-induced
pressure  pulses,  chugging,  in  the  suppression  pool,  (GV/CH).  Finally,  loads  caused  by
other  incidents  may be  those  corresponding  to  global  vibrations  due  to  Safe-Shutdown
Earthquake (GV/SSE).

In a linear structural analysis, the effect of a Load Combinations is evaluated by a simple
linear superposition of the response of each normal mode, separately analysed, through the
procedure referred to as modal analysis. In cases where the time dependent functions of
Loads acting simultaneously are statistically independent of each other, an upper bound of
the total response may be estimated by a method denoted Square Root of Sum of Squares
(SRSS), and not by the very conservative linear sum of the maxima. If the structural analysis
is non-linear, as in Zeng et al. (2011), modal analysis is no longer valid and Collapse-Load
analysis, together with non-linear Transient analysis, is required.

Combination Superposition Rule
Plant

Condition

Service Limit

Levels

A01 PD + DW − Design

A03 PO + DW + TT + D/RPV + D/B PC1/PC2 A/B

A06 PO + DW + GV/SRV(1) PC1 Design, A

A07a PO + DW + GV/SRV(12 ≥ E-3) PC2 B

A07b PO + DW + GV/SRV(12 ≥ E-8) PC4 D

A08a PO + DW + GV/SRV(12 ≥ E-2) PC3 C

A09a PO + DW + WH/SC PC2 B

A09b PO + DW + WH/SC PC3 C

A11 PO + DW + WH/PBO PC4 D

A13 PO + DW + [(GV/SVR(1))2 + (GV/CO)2]1/2 PC4 D

A14 PO + DW + [(GV/SVR(1))2 + (GV/CH)2]1/2 PC4 D

A16
PO + DW +

[(GV/SVR(12 ≥ E-3))2 + (RPVV/PBI)2]1/2
PC4 D

A17
PO + DW +

[(GV/SVR(12 ≥ E-2))2 + (GV/SSE)2]1/2
PC5 D

Table 1. Design Specifications for the feed water system (System 415) of a BWR (Forsmark 1, Forsmarks Kraftgrupp,
2007).
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As an example of Design Specifications for pressure- and force-bearing components, Table 1
shows the different Load Combinations corresponding to a part of the feed water system of
an internal pump BWR corresponding to Unit 1 of Forsmark Nuclear Power Plant (NPP). In
this table, some of the Load combinations appear to be identical but they actually differ in,
for instance, the pressure and/or temperature limits. For the sake of simplicity, this informa‐
tion has not been included in the table. It might be of some interest to point out that the Case
A17 corresponds to a combination of an earthquake from San Francisco, USA, and another
from Sweden, since the spectra of these earthquakes differ in the frequency content. This
Combination has a Plant Condition PC5 for the Swedish reality, for which a safe shutdown
of the reactor must be guaranteed.

Forsmark is the youngest Swedish NPP that became operational in 1980 with Unit 1 and
whose installed power was completed in 1985 with the start of Unit 3. This Unit and Unit 3
of Oskarshamn NPP were the last reactors to be built in Sweden. These two internal pump
reactors were designed at the end of the nineteen sixties and beginning of seventies, when
the first pocket calculators begun to invade the market. But these calculators were initially
quite expensive (Hewlett-Packard’s HP-35 cost $395 in 1972 which corresponds today to
more than $2000), forcing the structural analyses to the use of rather simplified rough mod‐
els, such as columns and beams subjected mainly to static loads, computed by means of
slide rules. Dynamical effects were considered using a quasi-static approach with adequate
safety margins (see e.g. Lahey and Moody, 1993), constituting the only feasible and realistic
conservative approach compatible with the existing algorithms and computer capacity of
the time. Nevertheless, thanks to the increased knowledge in the physics of single- and mul‐
ti-phase flows, to the development of numerical models for fluids and structures together
with the massive computing power through parallelization and low-price processers, me‐
chanical integrity analysis of Light Water Nuclear Reactors has, during the two last decades,
experienced a strong progress.

As discussed above, a nuclear reactor is designed for normal steady-state operation, for nor‐
mal changes such as start-up, shutdown, change in power level, etc., without going beyond
the design limits. In addition, the design must manage expected abnormal conditions and
postulated accidents. In this context and according to Lahey and Moody (1993), an accident
“is defined as a single event, not reasonably expected during the course of plant operation,
that has been hypothesized for analysis purposes or postulated from unlikely but possible
situations and that has the potential to cause a release of an unacceptable amount of radioac‐
tive material”. Consequently, a break in the reactor coolant system has to be considered an
accident whereas a fuel cladding tube damage is not.

Among postulated accidents, a group known as Anticipated Transients Without Scram
(ATWS), has a preferential status due to the interest that it has attracted since the end of the
nineteen seventies. It assumes the partial or total failure of the automatic control rod inser‐
tion (SCRAM). A total ATWS has a very low occurrence probability in the reactors of Fors‐
mark NPP. The total of about 170 control rods is divided into independent scram groups,
each served by a scram module and containing eight to ten control rods. A scram module
consists of a high-pressure nitrogen tank connected by a scram valve to another tank con‐
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taining water to be pressurized by the nitrogen, water that may act on piston tubes for ac‐
complishing rapid insertion of control rods. It might be of some interest to point out that
similar scram systems successfully stopped units 2, 3, 4 and 7 of the Kashiwazaki-Kariwa
NPP in Japan at the beginning of the earthquake Chūetsu of July 16, 2007 (the remaining
units 1, 5 and 6 and were not operational due to refuelling outage). Still, Forsmark’s Units
have an independent system of boron injection for emergency stop of the reactors, which is
automated for Units 1 and 2 but still manual for Unit 3. Although the automation of this sys‐
tem, which was a Regulatory compliance, is not associated with safety issues, can, neverthe‐
less, lead to new thermal loads for the fuel and/or adjacent structures in the reactor core
(Tinoco et al., 2010a). As mentioned above, it is the duty of the owner or designee of the nu‐
clear facility to identify the Mechanical Loadings and/or their Combinations and establish
appropriate Limits. It is therefore necessary to analyse the effects of boron injection, a topic
to be discussed in somewhat more detail in Section 3 of this chapter.

The design basis accident of an external pump Boiling Water Reactor (BWR) consists of a
two-ended instantaneous circumferential break on the suction side of one of the main recir‐
culation lines, resulting in a discharge from both ends. In a BWR with internal pumps, this
postulated accident is not possible since there are no main recirculation lines. For an internal
pump BWR, there no longer exists a single design basis accident, but rather a series of acci‐
dents, whose consequences for safety and mechanical integrity are at least an order of mag‐
nitude smaller than the rupture of a main recirculation line. One of these accidents consists
of the two-ended instantaneous circumferential break of a steam line, which produces the
highest loads in the vessel and reactor internals. A similar break of a feedwater line will re‐
sult in lower Loads due to damping two-phase effects, in this case mainly from rapid boil‐
ing, i.e. flashing. Therefore, a design basis accident to be analysed for an internal pump
BWR is a steam line break that will be discussed in more detail in the following Section.

3. A steam line break

Until the mid-nineties, studies and analysis of the effects of a steam line break were mainly
based on experiments such as those of The Marviken Full Scale Critical Flow Tests (1979)
where the pressure vessel consisted of a cylindrical tank with no internal parts, filled only
with steam. For this reason, the only pressure waves considered in the loading analyses
were the alternating decompression and compression waves formed in the pipe segment
coupled to the cylindrical tank, between the break section and the coupling section to the
tank (see for example Laheyand Moody, 1993, pp. 498-501). Consequently, the Loads given
by the standard ANSI/ANS-58.2-1988, (ANSI/ANS, 1988), contain a component due to pres‐
sure waves of slightly over 30% of the product of the initial pressure of the cylindrical tank
times the area of the section break. That the presence of the concentric steam annulus be‐
tween the reactor vessel and the core shroud has an important part in the process of decom‐
pression by supporting standing pressure waves, (Tinoco, 2001), has been understood after
the CDF analysis to be briefly describe in what follows.
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A three-dimensional numerical analysis of the rapid transient corresponding to the rupture
of the steam line (Tinoco, 2002) started in the late nineties with the purpose of obtaining the
time signal of the pressure inside the reactor pressure vessel and its internals, to be later
used in a structural time history analysis. This work was motivated as a part of the structur‐
al analysis related to replacement of the core grid of Units 1 and 2 of Forsmark NPP from the
original, fabricated by welded parts that had developed cracks in the welds, to a new manu‐
factured in one piece.

Historically, the three-dimensional numerical simulation of the fast transient was one of the
first successes in this area of thermal-hydraulics. This was due to several factors that al‐
lowed an analysis with relatively limited computational resources, namely a negligible ef‐
fect of turbulence, single-phase treatment due to flashing delay and the lack of importance
of friction allowing relatively coarse mesh (see Tinoco, 2002).

 

Figure 3. (a) View of the reactor with water surface indicated by blue line, (b) Model of the steam dome, annulus and
dryers (down to water surface) after steam line break: 9 ms (upper view), 20 ms (central view) and 100 ms (lower
view), (c) Simplified FEM model of the reactor with containment building, (d) detailed FEM model of the reactor with
core grid in red.

Figure 3 shows in (a) an image of the reactor with the water surface indicated by a blue line.
In (b) this figure shows a sequence of views of the pressure on the inner surface of the nu‐
merical model CFD ("Computational Fluid Dynamics") model (Tinoco, 2002), containing the
steam dome, the annular region of steam and steam dryers. The steam separators, located
under the dryers were modelled together as a single barrel without details. The first view of
the sequence corresponds to 9.2 ms after the break, where the decompression wave extends
with a single front symmetrically with respect to the axis of the steam nozzle, on whose out‐
er end the line break is assumed to be located. The second view corresponds to 20.2 ms after
the break, showing a picture of a less ordered and more chaotic pressure field due to reflec‐
tions with different parts of the complex geometry of the reactor vessel. The third view cor‐
responds to 100 ms from the break, displaying a more simplified image of the pressure than
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in the previous view, due mainly to the general decompression of the reactor that has almost
homogenised the dome pressure. Image (c) shows a general view of the low-resolution
structural analysis FEM model, including the containment building. Image (d) shows a view
of the high-resolution FEM model of the reactor.

A structural analysis was performed using both models because, due to the rupture of the
steam line, there is an effect, external to the reactor vessel, on the reactor containment build‐
ing, not considered in Tinoco (2002) since it only treats internal effects. The analysis was
conducted using the method of direct time integration, (Hermansson and Thorsson, 1997).
The time signals of the loads were applied to the structures and, as a result, response spectra
were generated for the different structures. A response spectrum is a graph of the maximal
response (displacement, velocity or acceleration) of a linear oscillatory system (elastic struc‐
ture) forced to move by a vibrational excitation or pulse (shock). Figure 4 shows in (a) two
time signals of load components in the direction of the axis of the steam nozzle with the line
break, acting on a node located in the core grid. The lower value corresponds to that com‐
puted directly by the CFD model. The higher, amplified value takes into account the effect
of the second end of the break, which is connected to the adjacent steam line (Hermansson
and Thorsson, 1997). Due to this connection in pairs of the steam lines, the reactor vessel is
also decompressed, with a certain delay, through the contiguous steam nozzle. In (b),Figure
4 shows the smoothed envelope spectra in the direction of the axis of the steam nozzle with
the line break, corresponding to the same node. It might be of same interest to reiterate that
the loads applied in this analysis are about twice the loads according to standard ANSI/
ANS-58.2-1988, (ANSI/ANS,1988), due to an effect of resonance of pressure waves in the
steam annulus (Tinoco, 2001).

Figure 4. (a) Time signals of the acceleration of a node in the core grid in the direction of the axis of the steam nozzle
with break: value calculated by CFD and amplified value. (b) Smoothed envelope spectra in in the direction of the axis
of the steam nozzle with break for the same node in the core grid.

4. The problem of mixing

Mixing the same fluid with different properties like temperature or concentration, or with
different phases like steam and water, or even different fluids, is a far from trivial industrial
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problem. The process involved in the operation of Light Water Reactors contains many sit‐
uations where mixing is of crucial importance like the mixing of reactor water and feedwa‐
ter in BRWs, the mixing needed to regulate boron concentration in PWRs, etc. Yet, a high
degree of mixing between the originally rather segregated components may be a hard task
or, depending on the space and time scales of the mixing process, a complete mixing may
even be impossible without special mixing devices. For instance, specially designed spacers
in the nuclear fuel are needed to enhance the turbulent heat transport, and mixers are used
to avoid thermal fatigue due to temperature fluctuations when flows with different temper‐
atures meet within a tee-junction.

All these situations relay on turbulent mixing that, according to Dimotakis (2005), “can be
viewed  as  a  three-stage  process  of  entrainment,  dispersion  (or  stirring),  and  diffusion,
spanning the full spectrum of space-time scales of the flow”. The mixing level, or quality of
mixing, may be estimated, according to Brodkey (1967), through two parameters. The first
parameter is the scale of segregation that gives a measure of the size of the unmixed lumps
of the original components, i.e. a measure of the spreading of one component within the
other. A length scale or a volume scale, analogous to the integral scales of turbulence, may
be defined based on the Eulerian autocorrelation function of the concentration. Since the
scale of segregation provides a measure of the extent of the region over which concentra‐
tions are appreciably correlated, it constitutes a good assess of the large-scale (turbulence-
controlled eddy break-up) process, but not of the small scale (diffusion-controlled) process.
The second is the intensity of segregation, given by the one-point concentration variance
normalised with its initial value. It constitutes a measure of the concentration difference be‐
tween neighbouring lumps of fluid, i.e. it describes the effect of molecular diffusion on the
mixing process.

But, according to Kukukova et al. (2009), a general, objective and complete definition of mix‐
ing, or of its opposite, segregation, needs a third parameter, or dimension, as the authors of
the reference express it, namely the exposure or the potential to reduce segregation. This
rate of change of segregation associated to a time scale of mixing, combines the strength of
the interaction, in this case the turbulent diffusivity, the concentration gradients and the
contact area between components. Therefore, good mixing characterized by a small scale of
segregation and a low intensity of segregation may be achieved if the mixing process is con‐
tained within the exposure time scale, i.e. for adequately high exposure.

However, many design problems of light water reactors that have arisen during their opera‐
tion, originate from overconfidence about the mixing properties of turbulence. A classic ex‐
ample is that of the mixing of feedwater and reactor water in the downcomer of a BWR, in
connection with Hydrogen Water Chemistry (HWC) to mitigate Intergranular Stress Corro‐
sion Cracking (IGSCC) of sensitized stainless steel. The injection of reducing hydrogen gas
to the feedwater was intended for recombination with oxidizing radicals contained in the re‐
actor water and produced by radiolysis, through a turbulence-induced, optimal mixing in
the downcomer. Surprisingly, the recombination effect for Units 1 and 2 of Forsmark NPP
was not in proportion to the amount of injected hydrogen and the only solution appeared to
be a major increase in the addition rate of hydrogen. But, in 1992, a very primitive and
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rough CFD model of an octant (45º) of the downcomer (Hemström et al., 1992) indicated
that the flow field and the mixing were rather complex and highly tree-dimensional, leaving
the regions between feedwater spargers with practically no mixing, and that buoyancy os‐
tensibly aggravated the mixing issue. The poor mixing in the downcomer of Units 1 and 2 of
Forsmark NPP arose from the design of the core shroud cover that, radially and freely over
its entire perimeter, directed the warmer reactor water coming from the steam separators in‐
to the downcomer. Owing to the limited azimuthal extent of the four feedwaterspargers,
four vertical regions without direct injection of colder feedwater were established in the
downcomer. Due to buoyancy combined with mass conservation, the colder and falling re‐
gions contracted azimuthally, making the warmer and slower regions to expand. Turbu‐
lence acted within the colder regions, tending rather effectively to achieve temperature
homogeneity, and at the boundary areas between the warmer and colder regions. The trans‐
it time of the vertical flow in the downcomer was not long enough for turbulence to achieve
a complete temperature homogenization of the recirculation water. In other words, the tur‐
bulent diffusivity, the temperature gradients and the contact surfaces between cold and
warm water were not large enough to achieve a good mixing, i.e. the exposure was too low.
The mixing was achieved further downstream in two main steps, namely by forcing cold
and warm water to meet within the inlet pumps, at the bottom of the downcomer, and by
rotating agitation within the remnant vortexes at the pump outlets, produced by the Main
Recirculation Pumps (MRP). This mixing process is quite effective, leaving only less than 3
% difference in temperature (Tinoco and Ahlinder, 2009) but for HWC, this homogeneity
comes too late in the process since radiation at the level of the core in the downcomer is
needed for triggering recombination of oxygen with hydrogen.

Finally, the problem of poor mixing in the downcomer was significantly reduced by modify‐
ing the design of the core shroud cover. Cylindrical-vertical walls were placed at the edge of
the cover in the azimuthal locations facing the regions between spargers in order to com‐
pletely block the reactor water flow. Radial flow out of the cover was allowed only regions
in front of the spargers. This design was first tested in a rather advanced CFD model (Ahlin‐
der et al., 2007), used to investigate HWC. The results obtained showed a higher degree of
recombination with the modified core shroud. However, the decisive factor in the recombi‐
nation was the level of radiation absorbed by the water in the downcomer, indicating that
an effective recombination might not be possible over the complete fuel cycle without a
modified core design. For a couple of years ago, this shroud cover design was implemented
in Units 1 and 2 of Forsmark NPP, as a step in the modernisation and improvement of the
process and safety to cope with a programmed power uprate. HWC was not carried out due
to the aforementioned core design issue but an improved mixing in the downcomer has oth‐
er advantages like minimizing the risk of cavitation in the MRPs.

The most complete CFD model including for the first time rotating MRPs was developed in
2008 (Tinoco and Ahlinder, 2009) for studying thermal mixing in an internal pump BWR.
Figure 5 shows in (a) once more the view of the reactor as a reference, and in (b) it shows a
view of the geometry involved in the CFD model that is limited from above by the free wa‐
ter surface. The model includes the downcomer (the water annular region between the inner
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surface of the reactor and the outer surface of the core shroud), the MRPs (4 pumps for this
half of the reactor) and the lower plenum with the guide tubes of the control rods which ex‐
tend to the entrance of the core reactor. In (c) a MRP is shown in more detail and in (d) the
lower plenum, also in more detail. The complete CFD model contains slightly more than 25
million cells to represent the included part of the reactor. The correct flow through the mod‐
el is achieved by rotating the pumps to the adequate rotational speed for normal operation.
The thermodynamic properties of water as a function of pressure and temperature have
been included in the physical properties of the studied fluid, allowing with that the analysis
of the mixing of warmer recirculation water with cooler feed water. The results indicate a
substantial mixing at the lower plenum inlet, being the maximum difference in the tempera‐
ture of water entering the reactor core of about 2.5 ºC (see Tinoco and Ahlinder, 2009). This
model may be used in the future to analyse the mixing of boron injected to the reactor with
the surrounding water, as suggested below.

Figure 5. (a) View of the reactor; (b) Model of the Downcomer, MR Pumps and Lower Plenum limited from above by
the free water surface; (c) Model of MR Pump with diffuser vanes; (d) Lower Plenum detail with control rod guide
tubes.

Originally, this CFD model consisted of two separated sub-models linked by boundary con‐
ditions at a common surface constituted by the Lower Plenum Inlet, since this split was geo‐
metrically and computationally optimal. The Lower Plenum Inlet is constituted by
cylindrical-rectangular openings located almost directly downstream of the MRP outlets
equipped with diffuser vanes. Even if these diffuser vanes recover an important amount of
the mechanical energy stored in the rotation of the flow imparted by the pump, a vortex is
still formed with a significant downstream extension, being this vortex responsible for an
appreciable part of the thermal mixing. The use of a surface, as outlet for the first sub-model
and as inlet for the second sub-model, to transfer the information of the flow behaviour
from one sub-model to the other is not adequate. The information corresponding to the dif‐
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ferent fields is correctly transferred but no information about the field tendencies, i.e. the
different gradients, reaches the second sub-model. In this case, the further development of
the vortices coming from the pumps is corrupted beyond the inlets of the second sub-model.
The result is a rather strong underestimation of the thermal mixing, predicting temperature
differences of the order of 10 %, (see Tinoco and Ahlinder, 2009), temperature differences
that have never been detected by measurements or, indirectly, by contingent fuel damage.
The analysis of the different turbulence parameters objectively endorses this difference in
mixing, which leads to the only reasonable recommendation of using a larger and computa‐
tionally heavier model but right from the point of view of the physics of the flow. Model
separations in CFD simulations, similar to the one described above, will deliver proper re‐
sults only if the different gradients associated with the flow are small or negligible, other‐
wise a finite, common, transition volume is needed. This type of coupling between two CFD
models might be difficult to achieve in rather standard commercial codes.

By Regulatory compliance, the safety system for the injection of boron to achieve an emer‐
gency stop of the reactor in case of an ATWS is now automatically operated in Units 1 and 2.
Due to the automation, the accidental or programmed injection of boron will be associated
with a set of new cases of postulated accidents that have to be analysed. Since the injection
of boron in these Units is done in only two points, closely and not symmetrically located in
the upper downcomer, the probability of an inhomogeneous distribution of boron, especial‐
ly at the entrance of the core, is very high, as a preliminary study using a reduced model
containing only the downcomer indicates (Tinoco et al., 2010a). This situation may lead to
rapid variations in space and time of the reactivity of the core that might result in local max‐
ima of thermal power that could ultimately damage the fuel and/or adjacent structures. The
CFD simulations of boron injection and its mixing with the reactor water have to be linked
to three-dimensional simulations of the neutron kinetics of the reactor core in order to cor‐
rectly capture the physics of these thermal power variations.

5. Heat transfer

Turbulent  thermal  mixing  implies,  of  course,  transfer  of  heat  from the  warmer  compo‐
nent,  or  fluid,  to the colder component,  resulting in a tendency to temperature and en‐
thalpy  homogenization.  But,  depending  on  the  geometry  of  the  thermal  system,  the
process  towards  homogenization  may  have  a  rather  well  defined  composition  that  in‐
volves  the  system  boundaries  which,  in  general,  correspond  to  solid  structures.  These
structures interact thermally with the fluid or fluids involved in the thermal mixing proc‐
ess, being the composition of the process decisive for the behaviour of the structures. Ac‐
cording  to  the  viewpoint  of  this  work,  the  composition  of  the  thermal  mixing  process
includes firstly the morphology of the turbulent flow involved, i.e. the flow geometry, the
eddy structure, the presence of stable boundary layers, etc. Secondly, it includes the ther‐
mophysical properties of the fluid and the thermophysical and geometrical properties of
the solid boundaries.  Depending on the composition of  the thermal mixing process,  the
solid boundaries may or may not be exposed to the problem of high-cycle thermal fati‐
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gue. Therefore, the composition of the thermal mixing process, as defined above, implies
the analysis of the complete system, including the solid boundaries, i.e.  the type of heat
transfer which is denoted as conjugate heat transfer,  with rather advanced requirements
regarding comprehensive information of the turbulent flow involved. The aforementioned
concepts discussed so far will be emphasized through a slightly different analysis of the
paradigm of thermal mixing and fatigue, i.e. the tee-junction.

5.1. Thermal mixing in a tee-junction

This exemplar of thermal mixing has been and is still being extensively studied, both experi‐
mentally and numerically, as the work of Naik-Nimbalkar et al. (2010) confirms with a rath‐
er wide, but not absolutely comprehensive, review of the literature about the subject.
Probably the review should be completed by mentioning the experimental work of Hosseini
et al.(2008) about the classification of the branch jet flow and about the structure of the flow
field (Hosseini et al., 2009). Also other publications not included in the aforementioned re‐
view, (Muramatsu, 2003, Ogawa et al., 2005, Westin et al., 2008, OECD/NEA, 2011), that are
experimental or including an experimental part for validation of a numerical simulation, in‐
vestigate the bulk flow structures of the mixing in a tee-junction. All the references men‐
tioned in this Subsection, and many others not included due to lack of space, have, as the
main motivation, the purpose of studying, understanding and eventually controlling the
wall temperature fluctuations associated with thermal fatigue. Particularly the reference
OECD/NEA (2011), which is a rather major effort to validate numerical simulations of the
thermal mixing in a tee-junction, clearly proclaims: “In T-junctions, where hot and cold
streams join and mix (though often not completely), significant temperature fluctuations can
be created near the walls. The wall temperature fluctuations can cause cyclical thermal stresses
which may induce fatigue cracking”. But none of these references presents temperature or ve‐
locity data of the wall near region, i.e. the boundary layers, or of temperature at the walls.
Even worse, the solid walls are never involved in any measurements, although it is the
propagation of temperature fluctuations from the surface and inside the solid that may lead
to fatigue cracking.

The reason for the absence of this crucial part of the mixing matter may be the great difficul‐
ty in measuring very close to walls and within the walls. For instance, velocity measure‐
ments in a thin boundary layer with Lase Doppler Velocimetry (LDV) are biased by even
small density differences in the fluid, and temperature measurements within the solid are
intrusive, cannot be relocated and may lead to errors due to contact continuity. But, in situa‐
tions when temperature may be considered as a passive scalar, i.e. relatively small tempera‐
ture differences not affecting the flow, the velocity measurements may be carried out in
isothermal conditions. Since measurements of this kind have been done in this and other sit‐
uations, to be reported in what follows, the true reason for the absence of this type of meas‐
urements in the study of tee-junction flows may be lack of knowledge about how vital the
information related to temperature fluctuations close to the wall and within the wall is for
understanding and being able to estimate the risk for wall thermal fatigue in a specific case.
Of course, the information about flow behaviour close to the wall is directly related to the
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behaviour of the flow in the bulk, but the physical properties of fluid and the physical and
geometrical properties of the wall will also affect the near wall flow, as the next paragraphs
of this Subsection will describe. In other words, the problem of turbulent thermal mixing in
a tee-junction is a process with a well-defined composition that has to be solved in its whole‐
ness, i.e. a conjugate heat transfer problem.

As the preceding discussion reveals, measurements of the temperature fluctuations due to
heat transfer within the boundary layer of a fluid close a wall and/or within the solid wall
are very scarce. The work of de Tilly et al., (2006), de Tilly and Sousa (2008a) and de Tilly
and Sousa (2008b) deals with the development of a multi-thermocouple planar probe of di‐
mensions of the order of 300 μm to measure the instantaneous values of the wall heat flux in
a boundary layer. Preliminary results of the wall heat flux have been obtained for the boun‐
dary layer flow developing downstream of a two-dimensional tee-junction. Even if this de‐
vice is very promising, some questions arise from these tests, namely how to check the
accuracy of the measurements with an independent method, how to handle thinner boun‐
dary layers than the instrument and how to deal with three-dimensional flow. In any event,
this novel concept deserves a positive and successful development as a significant contribu‐
tion to a difficult but important subject.

The measurements reported by Mosyak et al. (2001) seem to move this discussion away
from the trail of wall temperature fluctuations and the risk of fatigue cracking since this ref‐
erence treats the subject of constant heat flux boundary condition in heat transfer from the
solid walls of channel flow. However, the experimental data substantiate the analytically
demonstrated fact (Polyakov, 1974) that temperature fluctuations near a wall differ for dif‐
ferent combinations of fluid and solid in conjugate heat transfer problems. Also Direct Nu‐
merical Simulations (DNS) of conjugate heat transfer (Tiselj et al., 2001, Tiselj et al., 2004,
Tiselj, 2011) corroborate this information, where the governing parameters of the fluid-solid
combination are the wall thickness dw, the thermal activity ratio
K = (ρ ⋅ cp ⋅λ) f / (ρ ⋅ cp ⋅λ)w and the ratio of thermal diffusivities G =αf / αw. Here, ρ is the
density, cp the isobaric specific heat, λ the thermal conductivity and α =λ / (ρ ⋅cp) the ther‐
mal diffusivity. The sub-indices f and w indicate respectively “fluid” and “wall”. Depending
on the values of dw and K, two asymptotic limits of the conjugate turbulent heat transfer ex‐
ist at the same Reynolds and Prandtl numbers and at the same wall heat flux. When K → 0
and dw> 0, the turbulent temperature fluctuations do not penetrate the wall and the wall
temperature does not fluctuate. When K → ∞, dw is of no importance, the turbulent tempera‐
ture fluctuations do penetrate the wall and the wall temperature does fluctuate. In a particu‐
lar solid-fluid case with given K and dw, the wall temperature behaviour will be between
these two limiting cases, as may be observed through the results of Tiselj et al. (2001), given
in Figure 6.

The results displayed in Figure 6 are not completely general since they have been obtained
for G =1, as Tiselj and Cizelj (2012) point out, while Pr≈0.9, K ≈0.2  and G ≈0.04  for water
and stainless steel at the pressure and temperature conditions of a BWR. Nonetheless, the
main conclusion of these results is that, despite the large spectrum of temperature fluctua‐
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tion variations as functions of the aforementioned material and geometrical parameters, the
heat transfer rate for the limiting case K = ∞ is only 1 % higher than that for the other limit‐
ing case K = 0. The reason for this coincidence is the fact that the heat transfer rate is associ‐
ated with the mean temperature gradient, which is very similar in both cases. These are
good news for the heat exchanger designers, but the large spectrum of temperature fluctua‐
tion variations is bad news for the nuclear and other designers responsible for the mechani‐
cal integrity of solid structures.

 

Figure 6. Temperature fluctuations from Tiselj et al. (2001) with ASME permission. Upper view: RMS-values, Pr = 7, d++

= 20, (a) fluid; (b) solid. Middle view: RMS-values, Pr = 7, K = 1, (a) fluid; (b) solid. Lower view: RMS-values normalized
with ideal RMS-value of K= ∞, (a) Pr = 0.71; (b) Pr = 7; dotted lines from Kasagi, N., Kuroda, A., and Hirata, M., (1989).

The value G =1  associated with the results of Tiselj et al. (2001) shown in Figure 6, implies
that the scale y++ ≡ y+, d++ ≡ d+ since y++ = Gy+, a scale used for the results of Figure 6. Tiselj
and Cizelj (2012) mention that this scale has an uncertain meaning and should be aban‐
doned. Also, smaller values than G =1 will probably lead to lower temperature fluctuations
inside the wall, as the results of Tiselj and Cizelj (2012) indicate, but for Pr=0.01. According
to Figure 6, an increase in the Prandtl number will further decrease, though moderately, the
temperature fluctuations inside the wall. The conclusion of Tiselj and Cizelj (2012) is that, for
the combination liquid sodium-stainless steel (K ≈1, G ≈10), the results indicate a relative
high penetration of turbulent temperature fluctuations into the simulated heated wall.
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The lower values of the parameters for the combination water-stainless steel of BWR suggest
that the penetration of turbulent temperature fluctuations in walls will be rather low under
the conditions investigated through DNS simulations of channel flow. But, in other circum‐
stances such as tee-junctions or control rod stems, which will be discussed in the next Sub‐
section, the temperature fluctuations seem to be large enough to cause damage through
thermal fatigue. It seems apparent that further investigation is needed to elucidate the wall
behaviour in cases where no stable boundary layers are built and large structures coming
from the bulk flow may strongly interact thermally with the walls. A first step in this direc‐
tion has been taken by van Haren (2011), where a DNS of a tee-junction has been carried out.
Unfortunately, only very preliminary results have been reported since, due to high comput‐
er requirements, the run-time was not enough to obtain a statistically stationary and con‐
verged solution.

Hopefully,  the preceding discussion has made clear that the problem of thermal fatigue
induced by flow temperature fluctuations is a conjugate heat transfer problem, i.e. a heat
transfer problem of the specific combination fluid-wall. More knowledge is needed to un‐
derstand the  aforementioned interaction  between large  structures  generated in  the  bulk
flow and the walls. This knowledge should be obtained primarily by experiments but fur‐
ther difficulties with temperature measurements should be added to those already men‐
tioned,  i.e.  intrusive,  non-relocatable  and  contact  continuity  problems.  For  instance,  the
specificity of  the combination fluid-wall  questions the use in an experimental  facility  of
Plexiglas or other material than the precise of the prototype to be investigated. Even the
conditions of the experiment should match those of the prototype since they affect the dif‐
ferent  material  parameters  that  ultimate  influence  the  thermal  fluctuations.  Intrusive
measurements  have  to  be  done  with  material  properties  matching  those  already  men‐
tioned of the walls, not only thermal conductivity. For instance, at the FATHERINO 2 fa‐
cility  at  CEA Cadarache,  briefly  described by  Kuhn et  al.  (2010),  a  thin  brass  mock-up
(“Skin  of  Fluid  Mock-up”)  has  been  developed to  visualize,  by  infrared  thermography,
the mean and fluctuating temperature fields at the interface of the fluid and the wall. This
mock-up may only have relevance as a case for validating numerical simulations, as it is
used by Kuhn et al. (2010), but more knowledge is needed about the correct conditions, to
be discussed below, for simulating the wall heat transfer, including the right distribution
of temperature fluctuations within the wall.

Numerical simulations of conjugate heat transfer including temperature fluctuations inside
the solid structure other than DNS have already been carried out using diverse approaches.
The previously mentioned reference, Kuhn et al. (2010), uses a LES approach to resolve the
flow and temperature fields inside the fluid for two cases, namely a thin-wall brass model
and a thick-wall steel model. The results show relatively large differences between models
in both the mean temperature fields and the distribution of temperature fluctuations inside
the solids. This is attributed only to the heat conduction in the thicker wall, apparently both
radial and axial, with no further analysis of other possible reasons, i.e. nothing is comment‐
ed about the different combinations fluid-solid. From the numerical point of view several
questions arise, firstly the fact that the same grid is used for the two walls. Secondly, y+ may
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be up to 5 in the mixing region when requirements in LES of channel flow, for less than 1 %
difference in heat transfer rate with DNS results, are y+ = 0.5, x+ = 30 (streamwise) and z+ = 10
(spanwise), according to Carlsson and Veber (2010). In Kuhn et al. (2010) nothing is men‐
tioned about the grid resolution in the streamwise and/or spanwise directions. However, a
validation like that of Carlsson and Veber (2010) about the distribution of temperature fluc‐
tuations has not yet been carried out, a situation that sheds some doubts about the accuracy
of the results obtained in Kuhn et al. (2010) and, for the rest, of the results obtained with any
other methods different from DNS.

A brief and definitely incomplete review of other approaches reveals the use of LES with
thermal wall functions (Châtelain et al., 2003). The results show that the temperature fluctu‐
ations in the vicinity of the wall and inside the wall can be highly underestimated a fact that
is corroborated by Pasutto et al. (2006) and Jayaraju et al. (2010). Also some attempts have
been done with the RANS approach, with varied results (Keshmiri, 2006, Tinoco and
Lindqvist, 2009, Tinocoet al., 2010b, Craft et al., 2010), and with the more unconventional La‐
grangian approach of Pozorski and Minier (2005). The majority of the numerical results dis‐
cussed in this Subsection are waiting for an experimental validation, or numerical by DNS,
in order to be able to establish the correct methodology to be used in future simulations for
estimating the risk of thermal fatigue.

5.2. The control rod issue

Broken control rods and rods with cracks were found in the twin reactors Oskarshamn 3
and Forsmark 3 in the fall of 2008.As a part of an extensive damage investigation, time de‐
pendent CFD simulations of the flow and the heat transfer in the annular region formed by
the guide tube and control rod stem were carried out with a model containing 9 million
computational cells (Tinoco and Lindqvist, 2009). Due to limitations in time and computer
resources, only a quadrant of the guide tube and control rod with an axial length of approxi‐
mately 1 m was included in the model, as Figure 7 shows. Also an Unsteady RANS (UR‐
ANS) approach with the SST k-ω model was chosen for handling turbulence.

Figure 7. CAD view (left) and drawing of a part of the CFD model used inTinoco and Lindqvist (2009).

In this figure, where gravity is from right to left in the right view, the different mass flow
rates per quadrant are indicated with their temperatures by arrows. The upper bypass inlet
(right) divides its mass flow rate into two holes of14.6 mm in diameter, resulting in inlet ve‐
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locities of about 10 m/s. The lower bypass inlet has only one hole of 8 mm in diameter that
connects to an annular channel before the flow is delivered with relatively low velocity to
the annular region between control rod stem and guide tube.

Figure 8. Temperature sequence showing a large scale variation of the surface temperature of the control rod stem
with a period of ~15 seconds (temperatures in K).

Figure 8 shows a typical time sequence, from left to right and in two rows, of the surface
temperature of the control rod stem with a large scale variation with a frequency of approxi‐
mately 0.07 Hz. Three horizontal planes are shown in the views, namely the upper plane
corresponding to the lower bypass inlet, the middle plane corresponding approximately to
the region of the break (10 cm below the lower bypass inlet) and the lower plane corre‐
sponding approximately to the end of the inlet region of the cold crud-cleaning flow (20 cm
below the lower bypass inlet). These simulations together with metallurgical and structural
analyses indicated that the cracks were initiated by thermal fatigue.

The results of the damage investigation were accepted by the Swedish Nuclear Regulatory
Authorities for a reactor restart with new control rods. Meanwhile, further studies had to be
accomplished to clarify some remaining matters. One of the contested issues concerned the
validity and accuracy of the CFD simulations. Consequently, new CFD models, (Tinoco et
al., 2010b), were developed in conformity with the guidelines of Casey and Wintergerste
(2000) and Menter (2002), while the URANS approach with the SST k-ω model was pre‐
served, and validation experiments were carried out. The largest CFD model contained 16.8
million cells because large effort was put into maintaining a value of y+~ 1 for the dynamic
mesh resolution in the near wall region of the control rod stem at the level of the mixing
area. Validation tests had indicated that a y+ close to 1 is a necessary condition to ensure suf‐
ficiently accurate heat transfer results (Tinoco et al., 2010b), but no control was done about
the values of x+ and z+ since the results of Carlsson and Veber (2010) were at that time not
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known. Figure 9 shows the low y+ values for the grid at the stem wall in the mixing region
indicated by the horizontal black line for different times of the simulation.

Figure 9. Grid y+ adjacent to the control rod wall at different times of the simulation.

Figure 10 shows in the upper view a sequence of colour pictures representing the velocity
magnitude, maximized to 1 m/s (red scale ≥ 1 m/s), in a vertical plane bisecting the quadrant
and containing the region below the jets of the upper bypass inlet. The pictures are com‐
pletely symmetric since the original data of the quadrant have been mirrored with respect to
vertical axis. In this sequence, it is possible to observe many structures forming and moving
downwards, towards the lower bypass inlet, in the annular region between the stem and the
guide tube. In this view, the black line indicating the level of the stem weld corresponds to
the level of plane 7 shown in the middle view.

The middle view depicts five time signals of the axial vertical velocity component of the fluid at
radially 2 mm from the stem wall. The points are located in plane 7 (blue line in left reference
picture) at 5 different azimuthal positions. The signals indicate large vertical intermittent
movements downwards, with speeds of the order of 1 m/s and frequencies of 0.1-0.2 Hz which
corroborate the impression given by the pictures of the upper view. This is the dynamical
mechanism of the mixing responsible for the thermal fatigue of the control rod stems. This ef‐
fect has been further confirmed by simulations of guide tubes without the upper bypass inlet,
reported in Tinoco and Lindqvist (2009), where no such structures are present.

The lower view shows the thermal consequences of the above described dynamical process
that transports large lumps of warm fluid downwards with relatively large velocities. The
maxima of the temperature time signal correlate well with the minima of the axial vertical
velocity component. The fact that the temperature signal (in blue) corresponds to only one
single fluid point indicates that the lumps of warm fluid cover a large part of the annular
gap modelled in the quadrant. This view also shows the temperature signal of two points
located inside the solid, namely the first located radially at 0.5 mm from the stem outer wall
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(in green) and the second located radially at 2 mm from the wall (in red). In this graph, it is
possible to observe that, compared to the fluid signal, both solid signals are damped, with
high frequency variations filtered out. Also, the red signal is not always smaller than the
green indicating switches in the direction of the heat flux.

Figure 10. Upper view: velocity magnitude limited to 1 m/s (red ≥ 1 m/s). Middle view: time signal of axial vertical
velocity component of the fluid in plane 7 (blue line in left reference picture) at 2 mm from the stem wall and for 5
different azimuthal positions. Lower view: temperature signal at three radial points at plane 7 with azimuthal angle of
45º.
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However, the central question is still the quality of these simulations. Is a URANS simula‐
tion with good spatial and time resolutions enough to capture both the flow field and the
heat transfer correctly? The author is tempted to answer with a “yes” but a more objective
answer should be “probably”. If the resolutions are adequate, the URANS approach based
on SST k-ω model seems to work properly for cases with high enough Reynolds numbers
and turbulent flow containing large perturbations. Furthermore, the comparison with ex‐
periments shown in Figure 11 exhibits a rather good agreement for mean temperature and
temperature fluctuation distributions along a vertical line 1 mm apart from the stem wall.
Incidentally, the material properties in the experiment are those of the prototype. Unfortu‐
nately, no comparisons of the velocity and velocity fluctuation fields were done but it is dif‐
ficult to think that the agreement in the temperature fields shown in Figure 11 may be
achieved with a radically different velocity field to that of the experiments.

Figure 11. Comparison with the steel model experimental data (see Angele et al., 2011); left: mean temperature;
right: temperature fluctuations (rms-value).

Then, are the simulated temperature fluctuations inside the solid stem also correct? This
question is more difficult to answer since no experimental validation has been carried out
but indirect indications about some properties of these fluctuations have nonetheless been
obtained. Some of these properties are the order of magnitude of the most energy-contain‐
ing frequencies  of  the  temperature  fluctuations  at  stem wall  and of  the  associated heat
transfer coefficients.  Structural  analyses (see e.g.  Forsmarks Kraftgrupp,  2009) using this
range of frequencies, together with the large temperature amplitudes and velocities of the
order of 1 m/s, show that this kind of heat transfer is associated with the initiation of cracks
on the stem surface. Moreover, the analyses also show that the time scale of the crack de‐
velopment that resulted in broken control rod stems is consistent both with the geometry of
the stem (hollow welded joining; see Tinoco and Lindqvist, 2009) and the thermal loadings
arising from the heat transfer process described by the CFD simulations. In general, the re‐
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sults of the structural analyses based on the aforementioned CFD-simulated conditions are
consistent with the damage picture obtained by inspection. Using more “conservative” con‐
ditions,  e.g.  higher heat transfer coefficients,  leads to unrealistic  short  time scales of  the
damage.

Furthermore, the mathematical and physical consistency of the temperature field inside the
stem has been demonstrated by solving of the Inverse Heat Conduction Problem (IHCP),
(Taler et al., 2011). The IHCP is defined as the determination of the boundary conditions of
the problem from transient temperature histories given at one or more interior locations.
The IHCP is a so called ill-posed problem, i.e. any small change on the input data can result
in a dramatic change of the solution. By giving CFD-computed time signals of the tempera‐
ture at selected points inside the stem, the temperature signal and the heat flux at the sur‐
face of the stem were recovered with good accuracy. The question that remains is the
correctness of the temperature fluctuations at the surface of the stem, i.e. the correctness of
the thermal interaction between the solid surface and the near wall region of the fluid. A
definite answer can only be obtained by experimental validation or DNS.

Summing up, further structural analyses based on the same CFD-computed conditions have
led to a set of measures that have been taken and/or are being implemented. The crud-clean‐
ing flow has been modified to deliver a flow with a temperature of up to 100 ºC instead of
the original of 60 ºC. After turning, a control rod stem may acquire surface tensile residual
stress which increases the risk of crack initiation. In order to counteract this undesirable ef‐
fect, all control rod stems are now burnished since this procedure creates surface compres‐
sive residual stress that increases the resistance of the stem against damage, i.e. increased
protection against crack initiation and crack growth. At locations of the core most exposed
to high warm bypass flows, a better material, stainless steel XM-19, has been chosen for the
stems of the control rods. Only 50 of the 169 control rods will keep stems of a somewhat
poorer material, stainless steel 316L. In the fuel outage of year 2014, all control rods will be
tested in order to detect the presence of cracks and, based on the existent experience at that
time, a renewed test program will be decided. This set of measures has been conceived as a
viable alternative to the very expensive option of eliminating the cause of the mixing prob‐
lem by changing the design of the control rod guide tubes comprising a new location of the
upper bypass inlet.

6. Conclusion

This chapter constitutes a partial view of CFD, both in the sense of limited and favouring,
since, for instance, the examples concerning BWR applications are overrepresented and im‐
portant subjects such as nuclear safety and two-phase flows are left aside. As a kind of de‐
fence, it may be argued that the methods used for BWRs are valid, in general, for PWRs and,
probably with important modifications, for SuperCritical Water Reactors (SCWRs). As far as
CFD in nuclear safety is concerned, the high interest and large amount of work in the subject
from, among others, the European Commission, (European Commission, 2005), and the U.S.
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Department of Energy, Idaho National Laboratory, (Johnson et al., 2006), make and analysis
and a review of the subject rather superfluous.

As pointed out by Tinoco et al. (2010c), two-phase flow simulations still have a relatively
high degree of uncertainty and they have not reached the level of quality of single-phase
simulations. The physics involved in two-phase phenomena is still not well understood, due
mainly to the measuring difficulties entailed by the requirement of local knowledge of the
processes needed in CFD. Consequently, the models available lack the distinctive prediction
capability of CFD because they are usually based on information collected as relatively gen‐
eral correlations. A fundamental example is the experimental lack of knowledge about the
modification by boiling of the detailed structure of a boundary layer at a wall. This deficien‐
cy leads to wrong predictions of flow resistance and void distribution in, for instance, pipe
flow with boiling from the walls.

Another topic that has not been mentioned in this work is the field of acoustic perturbations
in the reactor system, especially in the parts corresponding to pipe networks. The problem
of flow-induced structural resonances has become more topical due to the increased interest
in operating the reactors at uprated power output. The new components and/or the in‐
creased flow rates necessary for achieving the upgrade may lead to the generation of pres‐
sure waves that may excite structural vibration modes and increase the risk of mechanical
fatigue. CFD may be used to analyse the pipe-network system if the geometry is realistically
represented, the grid has a suitable resolution, the turbulence model is appropriate and, in
the case of steam, compressibility is included (Lirvat et al., 2012). Post-processing of the gen‐
erated data can provide information about the flow induced excitation modes, the source of
the excitation frequencies/modes and possible standing pressure waves. In the past, at‐
tempts have been carried out to collect acoustic signals generated in complex systems like a
nuclear reactor in order to detect possible deviations from normal operation of the different
components. Any success has failed to turn up not due to the process of acquiring the data,
which is relatively easy, but to the difficulties in interpreting the signal constituted by the
superposition of broadcasted pressure waves from every component that may act as a
source. In the future, CFD might help identifying the sources and describing how the differ‐
ent pressure waves propagate in the system. Perhaps, detecting the leakage of valves in
complex systems like a nuclear reactor by means of acoustic signals may become possible.

As usual when trying to solve a problem, more questions than those initially asked arise
during the solution process. The case of the control rod cracks in no exception and, as men‐
tioned before, the apparent success of the URANS simulations with the SST k-ω model rais‐
es several questions, namely if this is the merit of the model, and at which Reynolds
numbers the URANS approach begins to work, if the associate heat transfer, including tem‐
perature fluctuations, is correct, and with which resolutions in time and space, etc. All these
questions should be investigated in the future since URANS may constitute a realistic alter‐
native, especially at high Reynolds number, to the promising LES approach that still is too
expensive for relatively large applications. Another alternative that has already been used
with encouraging results, (Lindqvist, 2011), is Very Large Eddy Simulation (VLES) in the
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spirit of Speziale, (Speziale, 1998), an approach which has been further commented by Tino‐
co et al. (2010c).

Even if LES may be considered in many cases still too resource demanding, it is undeniably
the approach of the near future provided that the computer development trend is main‐
tained. However, conjugate heat transfer simulations of industrial applications, i.e. simula‐
tions at high Reynolds numbers, involved geometries and complex boundary conditions,
appear to lack guidelines for ensuring acceptable quality with a suitable uncertainty. LES, as
one of the simulation alternatives for these applications, seems to have taken a first step to‐
wards the definition of more complete rules for conjugate heat transfer simulations with the
work of Carlsson and Veber (2010). Using a DNS data base for channel flow, (The University
of Tokyo, 2012), mesh requirements for LES simulations of heat transfer are established, as
functions of the Reynolds and Prandtl numbers. This work should be extended to conjugate
heat transfer and temperature fluctuations in the solid by using the results of Tiselj et al.
(2001), Tiselj et al. (2004), Tiselj (2011) and Tiselj and Cizelj (2012).

To conclude, this study has tried to show that the analysis of the mechanical integrity of
light water reactors as a rather complex task, multidisciplinary and in continuous progress,
evolving towards improved safety due to Regulatory demands, new and more advanced
methods of analysis and taking advantage of the stably increasing available computer pow‐
er. Additionally, this work has tried to describe, although incompletely and briefly, the his‐
torical progress of the currently accepted methodology and future prospects. Other types of
analysis included in the existing methodology, which are not mentioned here due to space
limitations, are, for example, studies of thermal loads in transients such as the loss of offsite
power (Tinoco et al., 2005) or estimating the moderator tank maximum temperature due to
gamma radiation and subcooled boiling heat transfer (Tinoco et al., 2008).

As it might have become apparent from this study, the FEM method for the analysis of
structures is considered well established and sufficiently accurate, giving results that do not
need verification or experimental validation. The case of three-dimensional numerical com‐
putations (CFD) applied to the thermal-hydraulics is very different, mainly due to turbu‐
lence, which still lacks an explanatory theory, and to the presence of two-phase flows where
the knowledge about the physical processes involved is far from complete. Therefore, the re‐
sults obtained using three-dimensional numerical computations require validation or at
least verification, which is not always possible for complex systems such as nuclear reactors,
an issue that has been discussed by Tinoco et al. (2010c).
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