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Summary

This report is composed by three chapters: the first chapter presents the most important Flow-
Induced Vibration (FIV) phenomena in nuclear power plants, the second chapter presents
available experimental data and numerical methods for FIV in fuel assemblies, the third
chapter deals with available experimental data and numerical methods for FIV in steam
generators.

Keywords

Fluid-induced vibrations, Fuel assemblies, Steam generators, Experimental data, numerical
methods, CFD.
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1. Documentation of the most important FIV
phenomena, relevant for the operational safety of
nuclear reactors.

D. Vivaldi, A. Papukchiev

Mechanical wear is a structure degradation type broadly characterized as a mechanically induced
or aided degradation mechanism. Degradation from small amplitude, oscillatory motion, between
continuously rubbing surfaces, is generally termed fretting. Vibration of relatively large amplitude,
resulting in intermittent sliding contact between two parts, is termed sliding wear, or wear. Wear
generally results from concurrent effects of vibration and corrosion. The major stressor in fretting
and wear is the FIV. Initiation, stability, and damage growth characteristics resulting from these
mechanisms may be functions of a large number of variables, including the local geometry, the
stiffness of the component, the gap size between the parts, flow velocities and directions, surface
roughness, and oxide layer characteristics. Wear is defined as the removal of material surface layers
due to the relative motion between two surfaces [1].

Fretting and wear are phenomena that must be avoided in nuclear power plants (NPP). Fuel
designers continue developing fuel assemblies with improved materials to accommodate the
current fuel operation conditions aiming at higher burnup, higher power density, power
management, etc. The fuel assembly mechanical design should preclude debris and grid-to-rod
fretting, by providing filtering mechanisms to trap debris (debris catchers) before it enters the core,
and by reducing the cladding wear by improving grid-to-rod contact, using wear resistant cladding,
and avoiding fuel bundle vibration caused by the coolant flow by adequate hydraulic design and
stiffening of the fuel structure by inserting additional spacer grids and thickening guide tubes [2].
All this is being done primarily to improve the vibration behavior of the fuel assemblies, which is
one the main triggers of the grid-to-rod-fretting wear.

1.1 Grid-to-rod fretting wear in fuel assemblies

1.1.1  Grid-to-rod fretting wear in NPPs

NPP fuel assemblies (FAs) have historically been concerned by fuel leakage. Grid-to-rod fretting
wear (GTRFW) is one of the most common cause of fuel failure. GTRFW is generally caused by the
turbulent coolant flow, that exerts fluid forces on the fuel rod surface over a broad frequency;
these forces, in turn, result in the rod vibrations and consequent impacts between the rod surface
and the spacer grid contact points (springs and dimples). Specific FIV mechanisms such as self-
excited vibrations can occur: in this case, the vibrations are caused by hydraulically unbalanced
(asymmetric) mixing vane pattern across the spacer grid, which generates rotational flow forces
on the FA. This mechanism is triggered within a certain flow range.

Examples of fuel rod failure due GTRFW in the USA date back to the 80's, with events reported at
Yankee Rowe NPP (PWR), Salem NPP Unit 2 (PWR, most failures occurred on the core periphery)
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[3], Millstone NPP Unit 2 (PWR, mainly in the area of the first grid or at the upper end of the fuel
rods) [4].

In 1993, shutdown inspections at Beaver Valley NPP Unit 1 (PWR) and Salem NPP Unit 2 (PWR)
discovered numerous fuel rods that had developed fretting wear and perforation, occurred at the
mid-grid spacer grids [5]. In the same year, 44 failed fuel rods were discovered at Wolf Creek NPP
(PWR) in FAs that had completed two cycles of operation (burnups of 24,000 MWd/MTU), with
failures located at the lower spacer grids; the most severely degraded fuel rod fragmented into
three segments during fuel handling operations while offloading the core [5]. GTRFW was the
cause of leaking fuel rods at the Ft. Calhoun NPP (PWR) during the 90's [6].

In the 90's, GTRFW caused fuel failure in a PWR in Korea on the twice-burned FA at about 90 days
after startup (22,000 MWd/MTU) [7]: almost one hundred rods were found to be leaking, generally
located around the periphery of the FA. The wear of these fuel rods are shown in Figure 1 and
present the typical spring and dimple marks on the rod surface.
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Figure 1: Perforated grid-to-rod fretting wear configurations of failed KOFA fuel rods [7].

In France, several fuel rod failures due to GTRFW were reported in the 2000s in the 1300MWe PWRs,
with the most severe event consisting in 92 failed rods (mainly at the third cycle and to a lesser
extent at the second cycle) at the Cattenom NPP Unit 3, in 2000 [8].

The IAEA [9] collected information on fuel rod experience from worldwide countries and issued a
document describing the results. Figure 2 presents PWR FA failure rates for the USA, France and
worldwide average between 1994 and 2006: depending on the country and on the specific year
considered, the number of leaking FAs observed ranged from about 5 to about 25, per 1000
discharged FAs; a number of leaking FAs higher than 35 per 1000 discharged FAs was observed in
USAin 2001.

The identified causes of PWR fuel leaks in the USA and France are presented in Figs. 2 and 3,
respectively: even if the cause of a certain number of FA failure is unknown (this number is rather
significant for France, see Figure 4), rod-to-grid fretting wear (GTRFW) can be considered the
dominant fuel rod leaker mechanism in PWRs worldwide (for the considered period going from
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1994 to 2006), reaching up to 65% in the United States of America, 39% in France and 37% in Europe
(excluding France).

The most recent data collected by IAEA [10] refer to the period from 2006 to 2015: the GTRFW
represented about 58% of PWR fuel failure mechanisms worldwide. However, it must be noted that
the fuel rod failure rates have always decreased during the years, reducing from about 225 ppm

(ppm corresponds to 1in 1000 000) in the period 1987-1990 to about 20 ppm in the period 2011-
2015 [10].

Number of leak FAs per 1000
discharged FAs

1994 1996 1988 2000 2002 2004 2006

Year of fuel reload

E World B France [ USA

Figure 2: PWR FA leak rate for France, the United States of America and worldwide (the world
curve shows the average result for countries and region (Europe minus France), including Brazil
and one PWR from China, thus summarizing fuel performance for 95% of PWR units worldwide)

[9]-

Number of failed FAs

1994 1996 1998 2000 2002 2004 2006
Year of fuel reload

@ Crud/Corr M Debris O Fabricat O Gr-R Fret
B Handling B pCI-scC B Unknown

Figure 3: PWR fuel leak causes in the United States of America [7] (Crud/Corr stands for
crud/corrosion related failures, Fabricat stands for fabrication related failures, Gr-R fret stands for
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grid-to-rod fretting wear related failures, PCI-SCC stands for pellet-cladding interaction/stress
corrosion cracking related failures).
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Figure 4: PWR fuel leak causes in France [9].

GTRFW induced fuel failures over the world have occurred with various PWR fuel designs that
include Areva (current Framatome) 17x17 AFA 2G [11], 16x16 Korean Optimized Fuel Assemblies
(KOFAs)[7], 17x17 VantagesH of Westinghouse Electric Company, 18x18 FA for Konvoi of the former
Siemens and 16x16 Guardian of the former Combustion Engineering, etc [12]. GTRFW would occur
mainly at the bottom grid level [11] [13] and at the mid-grid positions; the first leak signals appear in
a wide range of operating time/fuel cycles [12].

Such GTRFW events have pushed the fuel designers to search for optimized grid configurations.
Improved grid design consisting in adding a second spacer grid at the lowermost position, in order
to increase largely the clamping factor of the fuel rods in this part, was adopted by Areva (current
Framatome) in order to reduce GTRFW [14]. Efforts for the improvement of the grid design in order
to minimize fuel leaks due to GTRFW were made by EDF at the beginning of the years 2000 [15].

It has also to be recalled that the material property evolution with burnup play an important role
on the GTRFW mechanism. The creep of springs and dimples under irradiation, for example, result
in a relaxation of the support force provided to the rod: this, in turn, results in a more severe
vibratory regime, compared to nominal conditions of a fresh FA [14].

Another aggravating factor in terms of GTRFW is the presence of local cross-flow inside the core,
which is unavoidable. A non-zero cross-flow velocity increases the FIV, compared to pure axial flow,
and a correlation between the regions of highest cross-flows and the position of leaking rods due
to GTRFW is observed [15].

According to the IAEA report [9], GTRFW does not seem to represent a main cause of failure in
BWRs.
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1.2 Flow-induced vibrations resulting from baffle jetting

1.2.1 The baffle jetting phenomenon

According to IAEA [1], at the beginning of the 1980s, jets of water through the core baffles created
damage to fuel elements in various NPP. It must be mentioned that baffle jetting is relevant only
for reactors with specific reactor pressure vessel (RPV) design, in which counter-flow configuration
in the core bypass region exists. In such RPV designs baffle plates are installed between the core
barrel and reactor core itself, with the aim to provide the core’s lateral restraint and to allow a core
bypass flow (see Figure 5) [16] [17]. High pressure (p1) coolant coming from the cold leg enters the
reactor downcomer and then part of it penetrates through the core barrel. Since the pressure in
the core (p2) is significantly lower than the one in the downcomer, a portion of the bypass water
flows through the baffle gaps and then impinges on the fuel assemblies located in the core
periphery. In case of significant pressure differences between core and baffle regions and enlarged
baffle gaps, the high velocity impinging jets might induce vibrations of the peripheral fuel
assemblies’ rods and even lead to fuel failure. Such fuel degradation may result in relatively high
primary coolant activity and thereby impede periodic maintenance-related functions and/or pose
radiological hazards to personnel.

As PWR plants age, more issues with baffle jetting have been observed in the NPPs. Increased baffle
gaps that lead to baffle jetting may arise from baffle bolt breakage. Inspection programs of bolts
have resulted in significant bolt replacements in impacted plants. Baffle jetting, either due to baffle
bolt deterioration or general plant aging occurs in PWR plants with a downflow baffle barrel
configuration. In those plants that have experienced baffle jetting, converting to an upflow barrel-
baffle configuration has resolved the jetting issue, while also providing more grid-to-rod-fretting
margin for third cycle fuel on core peripheries [18].

core barrel

upper core plate pressure p1

water jet water jet

baffle plate

lower core plate

[ 4] [

core
support plate

pressure p2

p2<p1 00008
fuel rods

a) b) Q)

Figure 5 after [3]: Baffle jetting formation: a) downward baffle flow, b) location of peripheral fuel
assemblies, c) schematics of water jets impinging through the baffle gaps on the fuel rods.
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1.2.2 Baffle jetting in US NPP

Baffle jetting problem has been experienced in a limited number of Westinghouse PWRs. On May
6, 1982, Portland General Electric submitted a Licensee Event Report (LER) 344/82-06 to US NRC,
describing abnormal fuel clad degradation identified during a pre-planned fuel inspection to locate
suspected leaking fuel assemblies. Fuel rod damage involved 17 fuel assemblies examined at the
end of Cycle 4 operation in Trojan NPP. Portions of fuel rods were found missing and loose fuel
pellets were discovered and retrieved from reactor vessel internals and the refuelling cavity. Visual
inspections revealed severe perimeter fuel rod failures in 8 fuel assemblies. Failures in the
remaining 9 assemblies were detected by sipping operations, but did not exhibit visual damage

[19].

For the Trojan reactor design, holes in the core barrel provide pathways for bypass flow which is
diverted from the annulus between the vessel and the core barrel walls, to a downward direction
through holes in the horizontal "former" plate segments (see Figure 6). This small portion of the
coolant flow between the baffle plates and the core barrel, provides additional cooling for the
barrel. However, most of the coolant flow coming from the vessel cold leg inlet nozzles flows
downward through the annulus between the core barrel and the vessel walls, then into a plenum
at the bottom of the vessel. It then reverses its direction and flows upward through the core of
the reactor. A pressure differential is thereby established between the downward coolant flow in
the vessel-barrel annulus and through the "former" plates, and the reversed upward flow through
the core inside the barrel [19].

The aforementioned fuel rod damage in the Trojan NPP was attributed a water-jetting-induced
motion of fuel rods in fuel assemblies that are close to baffle plate joint locations with enlarged
gaps. Two mechanisms for baffle gap-related rod failures have been identified:

1. The first of these is the outside corner or center-injection jetting failure that is similar to
clad degradation in the Trojan reactor. In this case, the water jet impacts on the third rod
from the corner and causes its failure in the lower axial regions from direct water
impingement, combined with induced rod whirling and vibration.

2. The second type of baffle gap-related failure is the inside corner or corner-injection jetting
failure, whereby a jet of water flows parallel to the fuel bundle perimeter face between the
fuel and the adjacent baffle plate. This flow also causes fuel rod whirling and vibration to
occur at the first few rod locations. Such water-jetting parallel to these fuel rods leads to
failure of the rods and to increased likelihood of failure propagation to adjacent rods. In
general, the water-jetting-induced rod motion causes fuel rod fretting because of abnormal
clad wear against the Inconel grid assemblies [20].

Similar fuel rod damage has been encountered previously. In April 1980, fuel rod failures were
found in two fuel assemblies at the end of Cycle 2 for the Trojan reactor (LER 344/80-06). Similar
events were also reported for the Point Beach 1 reactor during the years 1975 and 1977. These
occurrences are delineated in LER 266/75-18 and 76-12, respectively. Further, three damaged fuel
pins were found in 1971-1972 at a power plant outside USA, one failed pin was found in 1973 and
1975. In 1975, one fuel pin failed at Point Beach. These six fuel pin failures involved bypass flow
through gaps in the inside corner of the baffle. The baffle joints in these plants had not been
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peened prior to initial core loading. Joints were peened following discovery of the failures, and no
subsequent damaged has been observed near the joints where the above failures were discovered

[21].

Two nuclear fuel rods were found damaged during North Anna NPP refuelling in 2014 (LER 50-
339/2014-002-00) [22]. On September 15, 2014, with Unit 2 defueled, 10 pieces of debris that had the
potential to be fuel fragments was located on the core plate. The material was near the edge of the
outer flow hole and partially under the gap between the baffle plate and the core plate. Video
inspection of a particular fuel assembly identified that the top springs of two fuel pins were
dislodged. This event was reported as any event or condition that results in seriously degraded
safety barriers. Detailed video inspections estimated that fifteen fuel pellets were dislodged from
the affected fuel assembly (the whole reactor core contains approx. 15 million fuel pellets). During
efforts to identify and recover the fuel pellets, debris fragments estimated to represent five fuel
pellets were found in the damaged fuel assembly that was then moved in the spent fuel pool. In
addition, material from three pellets was retrieved by the foreign object search and retrieval efforts
in the reactor. The remaining seven fuel pellets were expected to granulate into fine particles that
will dissolve in low flow areas of the primary plant systems or to be removed by normal purification
processes [22].

The investigations showed that the direct cause of the event was baffle jetting phenomenon. It
caused the rods of the affected fuel assembly to start rotating and vibrating. This movement
resulted in fuel rod wear and eventual mechanical failure and rod separation. The root cause of the
failed fuel assembly was found to be the change in material properties of the baffle plates and
bolting due to aging mechanisms resulting in the gap widening at the baffle joint. Stress,
temperature, and irradiation since initial plant start-up have resulted in relaxation, creep, and loss
of pre-load in the bolting and baffle plates. The changes in material properties allowed the gap in
the corner baffle joint to widen when subjected to the relatively high differential pressure,
approximately 1.7 bar, associated with the baffle-barrel downflow configuration in North Anna Unit
2. Unit 2 has operated without indications of baffle jetting for 34 years and Unit 1 has operated
without baffle jetting since 1996 when the upflow conversion was performed. While Unit 1 did have
baffle jetting issues prior to 1996, the baffle jetting issues were from the center joints. Whereas the
Unit 2 baffle jetting was from a corner joint. Additionally, Unit 2 has a different bolting configuration
that made it less susceptible to the baffle jetting experienced on Unit 1.

1.2.3 Baffle jetting in other NPP

The IAEA-TECDOC-1119 [1] states that baffle jetting damaged fuel assemblies in six French plants
including Bugey 2 and Fessenheim 2. This effect was related to the pressure difference between
the baffles with water down-flow in this location. Modifications in the baffle formers assuring water
up-flow have reduced the pressure and suppressed baffle jetting. This modification was later
implemented practically in all reactors of relevant design. For instance, Framatome converted the
reactor lower internals of the Tihange 1 PWR in Belgium from a down-flow to an up-flow
configuration in September 1986 [23].

In July 1979 fuel pin damage was detected in ten fuel assemblies at the Swedish Plant, Ringhals Unit
2. In November 1979, fuel pin damage was reported at the Kori Unit 1 in Korea on two fuel
assemblies. In all these cases, the failures were encountered in assemblies which had been
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associated with center injection points. In addition, the core support structures utilized a baffle
plate design with a reduced number of edge-to-edge bolts on adjoining baffles [21].

Six leaking fuel assemblies at the Slovenian KrSko NPP were identified by telescope sipping
following Cycle 26 [24]. During subsequent core offload activities, it was determined that an object
seen in the transfer canal at Krsko was a fuel rod part (~50 cm long). Subsequent investigation
determined that the fuel rod section separated from one of the leaking assemblies during transport
through the canal. The root cause analysis team investigated the use of the six leaking assemblies
and determined that the damage observed on fuel assemblies is similar to observations of baffle
jetting. It was also pointed out that baffle jetting can cause fluid elastic instability (FEI). This causes
large amplitude rod vibration and structural damage. Baffle plates may distort/move under the
pressure differential in the baffle-barrel region during operation, due to irradiation-induced effects
or some other aging/mechanical phenomenon, such that small gaps can form. There is no clear,
identified cause to the onset of baffle jetting seen at Kr3ko. In order for baffle jetting associated
fuel damage to occur, there must be [24]:

1. asufficient pressure difference across the baffle plate and

2. alarge enough baffle joint gap to result in sufficient momentum flux to excite the fuel rod
into whirling motions resulting in wear between the rod and the grid. Historically,
sufficiently strong jets can cause FEI on one to four fuel rods adjacent to the baffle gap.

1.2.4 Measures against baffle jetting

Different solutions were implemented against the baffle-jetting phenomenon in the NPP. One fix
of the baffle joint is to peen the entire joint to reduce the gaps between baffle plates. However, as
noted in the Trojan Event Report (82-06) relating to the problem, the gaps in the corner-injection
baffle joints were apparently enlarged during the peening of the center-injection baffle joints at the
end of Cycle 3 operation in 1981. In addition, peening did not entirely dispose of the problem with
the center-injection assemblies, since damage was found in three fuel assemblies of this type.

A more successful interim solution includes the use of modified fuel assemblies to replace those
damaged assemblies adjacent to baffle plate joints. Such modified fuel assemblies which utilize
stainless steel fuel rods have been licensed and used previously. Two fuel assemblies were modified
for Cycle 3 operation at Trojan, as a result of the baffle jet problem described in LER 344/80-06.
Three Zircaloy-clad rods in each of two assemblies were replaced with solid stainless steel rods of
the same diameter and length as the fuel rods. Damage was not observed in the modified
assemblies at the end of Cycle 3 or at the end of Cycle 4. These assemblies were located adjacent
to baffle corners where water-jetting-induced fuel rod degradation had occurred [20]. LER 344/82-
06 cites the continued use of modified fuel assemblies with stainless steel rods, in addition to
inserting partial grids that provide midspan support to fuel rods adjacent to corner-injection baffle
joints. The partial grids serve to increase the frequencies and decrease the amplitudes of the
fundamental modes of vibration for fuel rods, and thus raise the threshold for rod vibration, which
causes clad damage. With regard to the center-injection assemblies, the most vulnerable fuel rod
(the one nearly aligned with the baffle plate gap) and the two adjacent fuel rods in the first row are
to be replaced with stainless steel rods to minimize the possibility of additional baffle-jet-induced
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failures. Assemblies with solid stainless steel rods near the baffle plate joints were loaded in the
core of Krsko NPP.

Further, Westinghouse invented a nuclear fuel assembly design especially suitable for use at a
peripheral core location where coolant-jetting through core baffle structure may occur. In addition
to ordinary fuel-rod support grids, the fuel assembly includes anti-vibration grids that lend
vibration-damping support to the fuel rods near the outer periphery of the fuel assembly. This
improved design was patented by the European Patent Office with European Patent Application
EP 0290 865 A3 [25].

1.3 Fuel assembly bow

FA bow can be the result of different mechanisms. On the one hand, non-uniform coolant
temperature, non-uniform heat transfer between the coolant and the rods and radial gradients of
neutron fluxes cause temperature gradients, which result in differential thermal expansions. The
fuel element, therefore, bows in order to accommodate such expansions. On the other hand, the
observation of the encountered bow patterns underlines that FA bow is (co)determined to a high
degree by fluid-structure interaction (FSI) effects [26].

Numerical studies have demonstrated that the actual flow distribution at the inlet of the core, i.e.,
with higher velocities at the center of the core, is more likely to cause a deformation of certain FAs,
compared to assuming a uniform velocity profile [27]. These results suggest that the cross-flows
resulting from the actual flow profile in the lower part of the core has a significant impact on the
FA bow.

Hovard and Dressel [27] investigated the impact of a coupled versus an uncoupled approach for
the FSI problem. They concluded that taking into account the coupled FSI mechanism had a primary
impact on the FA bow, in terms of predicted deformation amplitude. Therefore, the FSI and FIV
linked to cross-flow seem to represent a non-negligible contribution to FA bowing phenomena.
Generally speaking, one may also note that FA bow is likely to induce additional local cross-flows,
since: first, larger and smaller bypasses resulting from the bow deformation lead to modified
pressure loss distributions potentially resulting in locally increased cross-flow inside the core and
secondly, the deformation of FAs will result in deviations between the coolant mean axial/vertical
flow direction and the fuel rods axis (which, in nominal no-bow conditions, is parallel to the coolant
mean axial flow). Moreover, these mechanisms would increase cross-flow bowing forces as a
function of the bowing amplitude, in a sort of in chain mechanism. Stating that cross-flows can
result in additional excitation sources (turbulent excitation and gap-limited fluid-elastic instability)
for fretting wear, King et al. [28] investigated (numerically and experimentally) the impact of
bowed FAs on local cross-flows inside the core. They found that bowed FAs have a significant
impact on flow distribution because of the modified axial and lateral flow areas and pressure losses,
compared to nominal (no bow) conditions: bow-induced cross-flow was found to be much stronger
compared to no-bow cross flow in certain core regions.

The bow patterns (or shapes) most commonly observed in discharged FAs are the so-called C-
shape and S-shape: they correspond to the first and second FA bending mode, respectively.
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The bowing of FAs can result in shorter than nominal or incomplete control rod insertion, because
of the increased friction between the control rod and the guide tube. Such issues were observed in
several PWRs[29]. One of the first documented Incomplete Rod Cluster Assembly Insert (IRI) event
due to FA bow occurred in Ringhals Nuclear Power Plant, Sweden [30]. During a reactor trip in
Ringhals unit 4, in August 1994, one Rod Cluster Control Assembly (RCCA) stuck at 18 steps, i.e. in
the dashpot region of the guide thimble tubes. At a subsequent hot rod drop test, four RCCAs stuck
at the elevations 6, 12, 12, and 24 steps. Measurements of the axial shape of the FAs experiencing
sticking showed that they were bent in S-shape and with significant bending amplitudes. The
location of the maximum amplitude of the upper hump of the S was coincident with the point
where the drop velocity started to decrease and the step increase of the drag force was found
during drop time testing.

In 1996, the Belgian units Tihange 3 and Doel 4 experienced IRI[30] [31] after a SCRAM. The position
of the control rods was verified after the SCRAM and five control rods were found to have a
different position compared to the requested position and the deviation varied between 9 and 19
steps. FA deformation measurements showed C-shaped deformation with a maximum amplitude
of 19 mm and S-shaped deformation with a maximum amplitude of 21 mm.

In 2010, irregularities in terms of control rod drop time were detected at unit 2 of the French Chooz
B NPP [32]: during a control rod drop test, two rod clusters featured IRl and six did not respect the
drop time criteria. EDF attributed these incidents to FA lateral deformations of much higher
amplitude than the ones detected before in French NPPs [32].

1.4 Flow-induced vibrations in other NPP components

FIV were observed not only in the reactor core or steam generators — two of the key components
of the nuclear steam supply system (NSSS). Vibration phenomena were found also in other NPP
components. The following subchapters briefly describe such occurrences in some plants.

1.4.1 FIV as aresult of cavitation in orifices

During outage of a Nordic NPP, a small diameter piping started to leak at a weld [33]. It was found
that the cause of the leak was high cycle fatigue. The performed root cause analysis showed that
this fatigue resulted from:

e Design with a large eccentric mass
e High vibration levels
e The vibration level was above the acceptance criterion.

The cause of the high vibrations was determined to be due to cavitation in orifices in the NPP piping.
An orifice plate is a device used for measuring flow rate, for reducing pressure or for restricting
flow. Cavitation is the creation of gas bubbles in a liquid when the local, static pressure, ps,
somewhere in the fluid (which is fluctuating in a turbulent flow) becomes below the saturation
pressure for a given temperature, Ps < Ps(T). If the liquid with a flowrate Q is flowing in a pipe at
high speed, the dynamic pressure and the pressure drop over the orifice plate can become high so
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that the local static pressure becomes low and cavitation occurs at a relatively low temperature.
Such cavitation phenomenon in an orifice is accompanied by a characteristic sound that reminds of
a grovel through the pipe. Increasing cavitation in a flowing liquid in a pipe system is associated
with increasing levels of sound or noise and vibrations. It may cause large loads if steam bubbles
implode close to the pipe wall, which can be harmful to the pipe system. Such phenomena may
result in fatigue due to vibrations and even worse, erosion of the pipe wall. In the worst case, it can
lead to a pipe break. Therefore, cavitation is essential to be predicted and prevented in system
design [34] in order to eliminate harmful cavitation induced vibrations.

To increase the robustness with respect to high cycle fatigue, some measures were taken at the
NPP. First, the heavy flange was replaced with a plug. In a next step, a new orifice design was
introduced, in which single stage orifices were replaced with multihole-multistage device. After
testing, the new orifice design was installed in the plant and this resulted in acceptable vibration
levels.

1.4.2 FIV resulting from power uprate programs in NPP

Many NPP operators strive to uprate the thermal, and eventually the generated electric power of
their plants, in order to improve their economics and generate more income from the sold
electricity. Power uprates are often related to increased power generation in the core, as well as
increased temperatures, pressures, mass flow rates. A thermal power increase of 10% in a boiling
water reactor (BWR) would yield a flow velocity increase of the maximum main circulation flow to
18% [35]. The high flow rate results in higher velocities that may induce structural vibrations.
Therefore, FIV investigations for different plant components precedes each power uprate
program. The preliminary investigation provides only an order of magnitude for the calculated
displacements. The results are then used to develop a risk informed measurement, analyses, and
inspection program.

First, the velocities in the Recator Pressure Vessel (RPV) have to be analyzed. The RPV is divided
into volumes where FIV related issues may occur. Mass flow, local average flow velocities, fluid
densities, temperature and pressure are calculated in predefined local areas with system codes.
These are calculated for the original design and the uprated one. Not all velocities can be calculated
by the codes. In such cases estimations and calculations by hand are performed. In a typical BWR,
the highest flow velocities occur in the main steam nozzle (~160 m/s) and in the main steam lines
(=60 m/s). Then, the flow excitation mechanism, relevant for each component, is identified. Within
a risk assessment, the risk for the structures and the potential consequences are evaluated. The
analyses show that BWR head cooling spray piping, especially the long nozzle pipes, have highest
increased risk for FIV. Moderate increased risk for FIV is relevant for the in-core neutron flux
detectors’ guide tubes, the control rods, the control rod guide tubes, and the feedwater lines [35].

1.4.3 FIV in feedwater lines and valves

FIV occurred also in feedwater lines, such occurrence is reported [33]. The feedwater pumps
provide secondary water in the PWR steam generators. In the affected plant two turbine trains
with three pumps each are installed, with two out of each three pumps running simultaneously.
The speed of the pumps can be adjusted by increasing the differential pressure of the main flow
control valves that regulates the water level in the steam generators. Within the frame of a plant
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uprate, pump impellers were replaced and the flow rate was increased of approximately 11-14%.
Thereafter, high vibrations at and around the pumps were observed: six out of twelve pumps
exhibited at certain structural vibration velocities over 5 mm/s. Analyses with different structural
codes revealed that the corresponding frequencies of these vibrations lie between 500 and 550 Hz,
which was in a good agreement with the measured values. The pressure fluctuations resulting from
the pump were further investigated with the help of a CFD code.

High-resolution CFD analyses were performed to investigate the reason for the increased wear of
the feedwater isolation check-valves after an extended power uprate (EPU) in Oskarshamn 3 NPP
in 2009 [36, 37]. These showed unstable flow for 120% and 129% reactor power. The velocity field
around the check valves showed a highly unstable behavior with large fluctuations of nearly 1om/s
close to the valve.

At 129% the axial forces on the valve plunger cause friction forces that are larger than the lateral
forces caused by the unstable flow. At 120% the lateral forces could be higher than the friction
forces, which could cause vibration and eventually the damage that has been found in the plant
[36]. Steam-line vibrations after the EPU resulted in longer operation times at 120% reactor power.
The check-valves in the feed-water system were originally designed for 7 m/s, while these were
operated at 10 m/s. Further conclusion showed that numerical analyses could had helped to predict
in advance the observed vibration issues in the aforementioned components.

1.4.4 FIV in steam lines

The steam generators at Ringhals 3 were replaced in 1995. After the installation of the new ones,
high vibration levels were measured in the steam lines [33]. Root mean square vibration velocities
of ~19 mm/s were measured. To reduce the steam line vibration levels, viscous dampers were
installed. This reduced the vibrations levels by a factor of 10. However, the root cause of the
problem was not solved. It was found that the root cause of the vibration appeared to be pressure
pulsations generated in the steam generator outlet nozzle. To reduce the pressure pulsation levels
a new design of the outlet nozzle was developed using experimental trials. Specifically, it was the
venturi part of the outlet nozzle that had to be redesigned in order to reduce the pressure
fluctuations in this region. The new design was successfully implemented 1998.

Vibrations were monitored in the main steam lines (MSLs) after the extended power uprate (EPU)
from 109% to 129% power in 2009 was realized in Oskarshamn Unit 3 [36]. Concerning the MSLs
vibrations, it was found that the measured high vibration levels in these lines at 110-120 Hz were
caused by a resonance in the accelerometer clamps. These vibrations turned out not to be a
problem for the piping system.

1.4.5 FIV in steam line valves

In a European NPP, power uprate plans were made in the late nineties and early 2000 [38]. This led
to the need to update design loads and review plant components. Some internal reactor parts were
replaced, and it was decided to change the main steam stop-control valves. Their housing was kept,
while the internals were replaced. This activity was performed during a refueling outage.
Approximately three weeks after recommissioning of the plant a pipeline to one actuator was
broken. Therefore, accelerometers and vibration measurement devices were installed placed on
the steam line and stop-control valve. Measurements revealed high vibration levels with
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accompanying hammer strokes. Structural accelerations up to 50-60 g with frequencies up to 2 kHz
were measured. As a consequence, the plant power had to be reduced down to 30 % of the nominal
power for the rest of the operating season.

It was found the valve seat was damaged by a hammer stroke. This was believed to originate from
a strong irregular flow field and very low static pressure. At the beginning plant staff and valve
vendor could not believe that the vibrations stemmed from the valve design, until detailed CFD
simulations were performed at the NPP.

Vibrations were monitored in the main steam isolation valves (MSIVs) after the extended power
uprate (EPU) in 2009 was realized in Oskarshamn Unit 3 [36]. The reactor power was increased
from 109% to 129%. The vibration frequency in the MSIVs was at around 660 Hz appearing at steam
velocities of 71 m/s in the valve seats. The increased vibrations of the MSLs were not really a acute
problem but in the long run could cause damage and should be mitigated.

Simulations and scaled experiments for the MSIVs showed that vortex shedding above valve
cavities is coupled to acoustic modes in the valve cavity. The shedding vortices have a broad band
of frequencies that are proportional to the steam velocity. Blocking cavities in the MSIV leads to
the excitation of other acoustic modes. Both phenomena were decoupled in the NPP by breaking
the coherence in the vortex.

In the end it was concluded that the proven design is very important. The new MSIVs that were
installed had only been used for velocities up to ca 70 m/s, while in the plant steam velocities
reached 9o m/s.

1.4.6 Core barrel vibration

FIV are also relevant for RPV internals. In a Nordic NPP, enlarged gaps between the core barrel and
the RPV were found. The measured gaps were approximately five times larger than the design
specification. The cause for these deviations was identified to be core barrel vibration that led to
material wear and increased gap sizes. Numerical analyses with CFD and CSM codes were
performed in order to better understand the nature of these vibrations. These helped to calculate
the pressure field on the core barrel and the resulting on core barrel displacement [33].

1.4.7 Vibration of thermal sleeves

A thermal sleeve is made of stainless steel. During plant operation with no control rod movement,
the thermal sleeve limits hot water flow from the vessel head to the control rod driving mechanism
(CRDM). A guiding cone guides the drive shaft during reactor vessel head handling operation for
closure. The thermal sleeve tube also guides control rod drives (CRD) through the adapter and
inside the CRDM. In case of control rod drop, water flow from the bottom to the top of the CRDM
lifts the thermal sleeve, which increases the flow area to improve the rod drop time. When the
control rod is lifted, cold water at the top of the adapter moves down through the thermal sleeve
tube, thus protecting the penetration weld.

In the last few years, an increasing number of industry events have revealed thermal sleeve wear
issues as aresult of flow-induced vibrations. Thermal sleeve flange wear is evidenced by a lowering
of the thermal sleeve relative to the rest of the closure head. In certain cases, wear has led to the
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thermal sleeve flange interfering with movement of the CRDM and ultimately failure of the thermal
sleeve. In severe cases, wear on both the adapter and thermal sleeve stop causes loose parts, which
could generate control rod blockage [39] [40]. Framatome has successfully replaced more than 30
thermal sleeves since 2018 in different NPP around the world.

1.5 Flow-induced vibrations in steam generators

Considering the important steam-water flow rate, the thousands of tubes composing the tube
bundle and the specific tube configuration (long tubes of thin diameter with U shape), FIV
phenomena occur in nuclear steam generators (SGs). Among all possible SG configurations (vertical
U-tube, vertical once-through, horizontal, etc.), PWR U-tube SGs have been the ones historically
more concerned by vibration issues. A status of reported SG tube degradation and failure due to
FIV until 1996 can be found in [37]; the same document also lists all the reported Steam Generator
Tube Rupture (SGTR) events, until 1996.

Turbulence-induced vibrations generated by the high velocity vapor-water mixture are
characterized by small amplitudes. Nevertheless, even these small amplitudes can lead to long term
fretting wear in the tube-to-support plate (SP) and in the tube-to-anti-vibration bar (AVB) contact
regions. Excessive fretting can eventually result in tube failure. Moreover, fretting wear on tube-
AVB contact point can lead to modification of the AVB support condition, decreasing AVB
effectiveness versus FIV. According to [37], fretting/wear/thinning degradation was noted to some
degreein all PWR SG designs, mainly (but not only) at the AVB contact points. As of December 1993,
116 NPPs with recirculating SGs were reported to experience tube failure due to AVB wear/fretting,
resulting in the plugging of 4,663 tubes.

More severe and short-term tube rupture, compared to fretting, occurs in case of high-cycle
fatigue, which features high vibration amplitude. This is the result of the so-called fluid-elastic
instability (FEI) mechanism. FEI occurs when the amount of energy added per vibration cycle by the
fluid-elastic displacement is greater than the amount of energy dissipated each cycle through
damping [41]. Energy is dissipated due to the combined effects of frictional damping at the tube
supports, tube material damping and fluid damping. FEI was the cause of SGTR occurred in the U-
bend regions of the North-Anna NPP Unit 1, USA, in 1987 and at the Japanese Mihama NPP Unit 2,

in1991[37].

FEI was found to be the root cause of the four reactor shutdowns due to primary-to-secondary
reactor coolant leak occurred between 2004 and 2008 at the French Cruas NPP; the phenomenon
was caused by a modified thermal-hydraulic of the steam-water secondary coolant, due to clogging
of the tube support plates [42]. One of the most severe examples of FEI in SGs was observed at the
SONGS NPP, USA, in 2012, where, following a shutdown due to a primary-to-secondary reactor
coolant leak, wear on hundreds of tubes of the SGs were discovered [43]. This wear was
unexpected, considering that both SGs had been recently replaced before the accident. The tube-
to-tube wear mechanism observed was determined to be caused by in-plane FEI, associated with
adverse secondary thermal-hydraulic and lack of effective in-plane tube support. In-plane FEI had
never been observed before in operating NPP SGs.
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1.6 Summary

Degradation from small amplitude, oscillatory motions between continuously rubbing surfaces, is
generally termed fretting. Vibration of relatively large amplitude, resulting in intermittent sliding
contact between two parts, is termed sliding wear, or wear. Fretting and wear are phenomena that
must be avoided in NPP. These phenomena had led to numerous component failures in NPP around
the world.

NPP FAs have historically been concerned by fuel leakage with GTRFW being one of the most
common causes of fuel failure. GTRFW is generally caused by the axial turbulent coolant flow, that
exerts fluid forces and eventually rod vibrations with consequent impacts between the rod surface
and the spacer grid contact points. Improved grid design featuring a second spacer grid at the
lowermost position largely increased the clamping factor of the fuel rods in that region, thus largely
decreasing the turbulence induced vibrations in axial flow. It is important to mention that fuel rod
vibrations also occurred in cross-flow conditions. Jets of water through the core baffles impinged
laterally on the fuel assemblies and damaged fuel elements in various NPP. All these plants had a
specific design of the RPV downcomer. Solutions included the use of modified fuel assemblies,
which utilized stainless steel fuel rods at certain positions in the FA grid, as well as changes in the
original downcomer construction.

FIV phenomena occurre also in nuclear SG. Among all possible SG configurations (vertical U-tube,
vertical once-through, horizontal, etc.), the PWR U-tube SGs have been the ones historically more
concerned by vibration issues. Turbulence-induced vibrations, generated by the high velocity
vapor-water mixture, are characterized by small amplitudes. These can result in a long-term fretting
wear in the tube-to-support plate and in the tube-to-anti-vibration bar contact regions. Vibrations,
induced by vortex-shedding are mainly relevant for the highest, arc-type U-bend region of the U-
tubes. More severe and short-term tube rupture, compared to fretting, occurred in case of high-
cycle fatigue with high vibration amplitude, as a result of FEI. A number of plants experienced SGTR
in the past, as a result of FEl in the U-bend region of the SG. Improved AVB and support plate
designs help to reduce vibration phenomena in SG.

Vibrations have led also to issues in other NPP components. FIV occurred in feedwater as well as in
steam lines and valves. Some of these were related to the change in the original component design,
for example, as a result of plant power uprate programs. Vibration of core barrel and thermal
sleeves are also worth of investigation. In the last few years, an increasing number of industry
events have revealed thermal sleeve wear issues as a result of FIV, which might end with a control
rod blockage. The damaged thermal sleeves were replaced with new ones.
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2. Currently available experimental data and
methods for FIV in FAs

K. Zwijsen, M. M. Hussain

2.1 Introduction

In most conventional FA designs, the mean flow is parallel to the tubes over the majority of the
tube span. This is true for most Gen-Il and Gen-lll Light Water Reactors (LWRs), such as Pressurized
Water Reactors (PWRs) and Boiling Water Reactors (BWRs), and most Gen-IV Heavy-Liquid Metal
Cooled Reactors (LMRs). This axially directed flow is highly turbulent. For example, within a PWR
FA, the average axial velocity is approximately 5 m/s, resulting in a Reynolds number, based on the
hydraulic diameter of the FA, of about 5 - 10°. The energy present in the turbulent flow, which is
bounded by the surrounding structural elements, results in a fluctuating pressure force on the fuel
rods. This fluctuating pressure force on its turn leads to flow-induced vibrations (FIV) of the fuel
rods. As the turbulent flow is the driving force of the vibrations, this phenomenon is also referred
to as Turbulence-Induced Vibrations (TIV).

The main concern for conventional fuel assemblies related to the flow-induced vibration is the
potential for the damage of the fuel rod cladding at the points of their contact in the spacer grids
cells caused by the motion of the fuel rods relative to spacer grids. This phenomenon, known as
grid-to-rod fretting wear (GTRFW), is responsible for over 70% of all fuel rod leakages in US PWRs
[1] and 58% of fuel failures in PWRs worldwide. Excessive fretting could lead to the cladding of the
fuel rod be worn through, thereby releasing fission products into the primary coolant, which is a
serious safety issue. Additionally, damaged fuel rods are a cause of expensive unplanned outages
of the nuclear power plant (NPP). Hence, knowledge of the fuel rod vibrations, and ensuing wear,
is of vital importance for the safe operation of NPPs.

2.2 Analytical models for FA FIV

The turbulence present in the flow that causes TIV could be generated locally by the fluid as it flows
around the structure and gives rise to boundary-layer turbulence pressure fluctuations. This is
termed as near-field excitation. On the other hand, turbulence could also be resulting from flow
pulsations or vortex shedding over submerged objects, or be generated by upstream components
such as inlet nozzles, elbows, pipe bends. This is termed as far-field excitation [3]. The intensity of
the turbulence is further significantly increased by the presence of spacer grids and mixing vanes
in the fuel assemblies. The spacer grids are responsible for keeping the fuel rods in place, while the
mixing vanes are installed to enhance the mixing, and with that the heat transfer, of the coolant
flowing along the fuel rods. The presence of these spacer grids and support plates intensifies the
turbulence locally and ensures that the far-field excitation can be generally assumed to be of far
less importance than near-field fluctuating pressure forces.
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These fluctuating surface pressures vary randomly in time and space in the sense that (1) they are
characterized by a broad band frequency excitation range, (2) their amplitudes vary along the
structure surface, and (3) their correlation length is very small relative to the length of the
structure. This means the resulting vibrations cannot be treated in a deterministic way; instead
probabilistic methods must be employed [4]-{5]-

It is possible to provide an analytical solution to TIV if one assumes that (a) the fluid pressures are
independent of the motion of the structure and (b) the fluid pressures are stationary in the sense
that averages made over many cycles of oscillation are independent of the start of the averaging
interval [4]-[5]. With these assumptions, using the theory of random vibration, the mean of the
squared response of the structure in a single mode is [4]:

—  CSy(f:

vz = %w%m D
where m is the mass per unit length of the structure, f; is the natural frequency for the i-th mode,
{; is the damping factor of the i-th mode and 1; is the mode shape. S,(f;) is the turbulence
spectrum at f; and ] represents the joint acceptance of the turbulence for the i-th mode. Joint
acceptance is a measure of the efficiency of the pressure forces to excite a certain mode. C is a
constant that depends on the definition of S, and J. Two rational approaches to the random
vibrations of structures have generally been employed in the literature [5]:

1. Theory of Random Vibration: This is to employ Equation (1) directly and then estimate the
power spectra and joint acceptance of the turbulence to determine the mean square
response. However, accurate estimates of power spectra and joint acceptance are rarely
available for a particular system.

2. Empirical Approach: This is to by-pass the theory of random vibrations and empirically
correlate observed vibration levels with known system parameters such as flow velocity
and hydraulic diameter. However, this approach often neglects a parameter of
fundamental importance, such as damping, and so can lead to erroneous results when
applied to new systems.

2.2.1 Early semi-empirical models

The early equations to estimate the vibration amplitude were based on the empirical approach,
correlating test data with system parameters. Burgreen et al. [6] was the first to propose an
equation, using dimensional analysis to correlate the vibration amplitude y to three
nondimensional parameters:
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with Dy, the hydraulic diameter, L is the length of the tube, p is the fluid density, U is the fluid mean
velocity, u is the fluid viscosity, E is the Young's modulus of elasticity, I is the moment of inertia, f
is the natural frequency of the tube and k an end fixity factor.
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Quinn [7], using data obtained from tests on single and multiple pipes in two-phase steam-water
flow, and Basile et al. [8], based on experiments in air and water with different types of fuel element
cans, proposed their own formula based on their own experiments. Paidoussis [9], [10] gathered
all the experimental data availablein [6], [7], [11]-[14] to establish a different expression, accounting
also for the added mass effect:

uZe2Re)?/5 2/3
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Here, D is the tube diameter, M and m are the virtual mass and the mass of the cylinder per unit of
length, respectively, and a; is the eigenvalue of the first normal mode of flexural vibration of the
tube. Pavlica and Marshall [15] performed new tests and concluded that the expression given by
equation (3) matches their data fairly well. Additionally, they found that the viscosity effect on the
vibration amplitude is not as large as that predicted by Burgreen et al. (Eq. (2)) and Paidoussis (Eq.
(4)). Following additional data, Paidoussis modified its expression, thereby reducing the influence
of the Reynolds number, and with it the viscosity [16]:

ul6c18Rp0.25 2/3
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Though this expression matched the available experimental data better than the first equations, a
shortcoming of the semi-empirical approach is that there is no dependency on the driving forces in
it. To overcome this, expressions for the vibration amplitude based on the random vibration theory
have been established. This theory makes use of empirical expressions of the fluctuating pressure
field in which the spatial correlations in axial and circumferential directions are taken into
consideration [17]. Assuming the pressure field to be statistically stationary and homogeneous and
being transported by a convective velocity U,, Corcos [18] proposed the following relation for the
cross-spectral density between two points of the wall pressure field 1,

wz W i
Ypp (W, 212,912) = Ppp (CU)A< U12) B (U_12) e~ lwz12/Uc, (6)
c c

Here, z;, and 9, are the distances between the two points in the axial (flow) and circumferential
directions, respectively, ¢, (w) is the wall pressure power spectral density at a point and A and B
are spatial functions describing the decay of the correlation in the axial and circumferential
directions, respectively. While the correlation depends on both directions simultaneously, and
hence some inter-dependency exists, separating it into the product of two separate functions does
not introduce significant errors [19].

The convective velocity shows a small dependency on the frequency w, though can generally be
approximated by U, = 0.6U [20], [21]. Expressions for the wall pressure power spectral density
@pp(w) are obtained by fitting a curve to experimental data. While significant deviations are found
between the various tests that have been performed, the spectral density is found to be
proportional to D,p2U3 [21]{23]. Finally, the correlation of the pressure fluctuations have been
found, using experimental tests, to decay exponentially in the two directions [21], [24]-[26], i.e.:
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with x; = z;,, 91, and a; a constant depending on the direction.

The first to propose an expression for the root-mean square displacement of a cylinder subject to
flow-induced vibrations using the random vibration theory was Reavis [27]. Discarding any
influence of the spacer grids and mixing vanes on the turbulence, and assuming, amongst others,
that beam motion has no effect on the flow field and that the first beam-bending mode is the
dominant one, he found the following expression:

DN°>
y= CUDUDhﬂLWUPVO'S, (8)

withnp, np,,n,, dimensionless scaling factors equal to fD /U, fDy,/U and fL/U, respectively, { the
damping ratio, m the mass of the cylinder per unit length and N the number of tubes. The theory
was found to underestimate the experimental data it was compared with. The underestimation
was attributed to an incomplete representation of the pressure fluctuations. To overcome the
disparity, a multiplication factor € was added to the expression.

Using a similar approach as Reavis, and accounting for shape deformation, Wambsganns & Chen
proposed the following expression for the beam’s RMS displacement response ygys in terms of
beam natural frequency, damping factor, and intensity of the mean-square spectral density of the
pressure field in the low-frequency range:

D'*D;°U¢(2)
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Yrus(z,U) = 0.018k 9
with ¢(z) the beam’s model function, z the axial coordinate, m, the added mass of the fluid per
unit length of the cylinder and k an empirical coefficient. Since the expression is based on results
from a smooth cylinder in flow with minimal entrance effects, the computed RMS response
represents a lower bound on the actual displacement. Blevins later on modified Equation (9) and
placed it in a power law form [4]:

e —omsont (50) () () () () ). o

Where m is the mass per unit length, including added mass due to the fluid.

In general, all the theories presented express the characteristic vibration amplitude Y in the form
Y = Kptu/d*Dem™fnee, (2)

with i through o dimensionless exponents whose values are given in Table 1 for the various
theories, and which have been approximated in many cases.
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Table 1: Comparison of exponents in theories of parallel flow TIV of cylindrical structures [5].

Theory i j k e m n o
Basile et. al. [8] 0.25 1.5 0.5 -0.5 -0.25 -1 0
Burgreen et. al. [6] 0.385 2.3 1 0.77 -0.65  -2.6 0
Chen[29] 1 2 0 1 0 -2 0
Paidoussis [16] 0.8 2.4 0.8 0.8 -0.66 -2 )
Reavis [27] 1 1.5 0.4 1.5 -1 -1.5 -0.5
Wambsganss & Chen [28] 1 2 1.5 1.5 -1 1.5 -0.5

It can be easily seen that the variations of the exponents in Table 1 will result in large differences in
the predictions of the various theories. Paidoussis [30] remarked that the best accuracy one can
hope to achieve in the prediction of vibration with these theories is about one order of magnitude.
Blevins [5] remarked that since the turbulent forces in a parallel flow are largely dependent on
upstream turbulence generators, improvements in the theoretical work are unlikely to yield
substantial improvements in accuracy unless the theories are tied to a specific system whose
turbulence level can be accurately identified.

The theories described above have been extended and studied further by several researchers.
Chase [31]{33] and Chase & Noiseux [34] extended the work by Corcos by switching to the
wavenumber domain and extending the model, making it more generally applicable. Gorman [35],
[36] slightly modified Reavis’ model to make it applicable to two-phase air-water mixture flows and
compared model predictions with his own experimental data. Higher amplitudes of vibrations of a
rod in two-phase flow are found than in single-phase flows. This is attributed to the higher
peripheral spatial correlation of the pressure fluctuations on the surface of the rod in two-phase
flows. Also, the proposed model was remarkably successful in predicting the amplitudes of
vibration, finding agreement between theory and experiment of the order of 30 per cent or better.
This could be due to the fact that in two-phase flows, far-field pressure fluctuations are quickly
damped, and hence, the near-field pressure fluctuations may represent the total excitation field

[30].

Finally, Ohlmer et al. [38] looked into simplifying the original model by Corcos and Bakewell by using
the pressure difference fluctuations only in one single point to describe the driving forces, instead
of considering the pressure fluctuation field in several points over the rod length. The simpler
model was found to be able to describe in a satisfactory manner the flow-induced vibrations of rods
in axis-parallel flow, however, the larger scatter in results showed the greater inaccuracy of the
simplified model.

2.2.2 Later analytical models

Most of the analytical approaches proposed in the later years treat the fuel rods as an Euler-
Bernouillibeam and derive a dynamic equation for its motion due to the surrounding fluid flow. The
first to do so was Paidoussis, who considered a system consisting of a flexible cylindrical body of
circular cross-section, immersed in an incompressible fluid of density p flowing with uniform
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velocity U parallel to the x-axis, which coincides with the position of rest of the cylinder axis [39],
[40]. The cylinder is considered to be either fixed at the upstream end and free at the other or
supported at both ends. He derived a dynamic equation by dividing the force on the cylinder
imposed by the flow into the inviscid force calculated with Lighthill’s theory [41] and the viscous
force calculated with Taylor’s theory [42].

Chen & Wambsganss, in various studies [43]{44], extended Paidoussis’ model by including
damping and a distributed random pressure loading as forcing. Paidoussis further improved the
model by including internal dissipation and correcting the way the frictional forces were resolved
[45]. This led to the following expression for small lateral motions y of the beam:
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with EI the flexural rigidity of the cylinder, D its diameter, L its length, m its mass per unit length,
A the cylinder’s internal viscous damping coefficient, M the virtual mass of the fluid per unit length,
U the axial flow velocity, T, the initial axial tension, Cy and C; the drag coefficient in normal and
tangential direction, respectively, and Cp a viscous damping coefficient. Furthermore, § =0
corresponds to the case where the downstream end is free to move axially, while for § = 1itis not.

The above described equation was used by Chen & Wambsganns [44] and Paidoussis [45] to study
the structural vibration response to axial turbulent flow. Hereto, generalized boundary conditions
were used, and the dynamic equation was non-dimensionalized. Furthermore, the
phenomenological model proposed by Corcos [18], see equation (6), was used to describe the
forcing function q(x, t).

It was established that, at low flow velocities, the cylinder is subjected to small, random vibrations,
due to the mean axial flow not being purely axial, uniform and steady. Instead, the perturbations
in the flow and pressure field induce stochastic vibrations of small amplitude (‘sub-critical
vibrations’). At high flow velocities, the fuel rods may be subject to fluid-elastic instabilities
(divergence and flutter), as a result of interactions with the mean flow field. However, such
instabilities occur at such high flow velocities that it is of little concern for most industrial
applications. For most industrial cylindrical structures, including fuel rods in nuclear power plants,
the mean axial velocity mainly (1) lowers the natural frequency of the rod compared to free rod
vibration in air, and (2) introduces additional damping of the structure. The frequency of vibration
was found to be essentially the first-mode of the cylinders.

The above-described approach was later enriched and improved in two different, related,
directions. The first is in improving the description of the forcing function q(x,t). Lin [46] used
Fourier transforms and modal analysis of both the forcing and response to determine the rod
vibration amplitude as a result of pressure fluctuations described as a stationary random process
with zero mean. He found that only when the structure’s dimensions are similar to the lengths of
the turbulent eddies, in either longitudinal or circumferential direction, does the rod experience
significant vibrations.
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Later studies, also making use of modal analysis in the frequency domain, improved on the
description of the forcing function by extracting the dynamical features of a flow-excited tube from
a set of vibratory measurements [47][50]. This strategy, called source identification, allowed the
identification of the structure modal parameters, as well as the spectral and spatial characteristics
of the distributed flow excitation. Using the extracted forcing characteristics, random force sets in
the time-domain can be generated, in order to simulate the excitation of rods by turbulent flows.
While the first approached assumed linear behavior, Annules at al. later extended it to be applicable
to non-uniform turbulent flows with nonlinear time-domain response [51]-[54].

The second improvement made to the above-described method was extending it from a solitary
cylinder in axial flow to a cluster or bundle of cylinders in axial flow. Chen [55] showed that due to
hydrodynamic coupling, the dynamics of clustered cylinders in axial flow are very different from a
single cylinder and hence one cannot consider a cylinder in a bundle in isolation. The developed
theoretical models [56], [57] predicted well both the behavior of cylinders in still fluid [58], as well
as the stability characteristics of the system in axial flow [59], [60]. As, just as for single cylinders,
the fluid-elastic instabilities are a result of the mean flow, it means the mean-flow effects have
correctly been incorporated in the analytical model [57].

In regards to turbulence-induced vibrations of cylinders in a rod bundle, while some of the analytical
models cited above and also some that were later on developed [61]-[63] are said to be for axial
flow in bundles of cylinders, strictly, they really apply to solitary cylinders, rather than clusters, as
two of the underlying assumptions are: (1) there is no correlation between the pressure fields on
adjacent cylinders in the array; (2) the motion of a cylinder has no effect on the pressure field, nor
on the motion of adjacent cylinders. Hence, inter-cylinder coupling was ignored in those studies.
Through experiments, Paidoussis & Gagnon [64] found that hydrodynamic coupling is also
important for turbulence-induced vibrations of clusters. They demonstrated that vibrations occur
in prescribed inter-cylinder modal patterns, with both modal and spectral characteristics of
vibration agreeing remarkably well with those predicted by the free-vibration analytical model of
references.

Paidoussis & Curling [65] were the first to take hydrodynamic coupling into account in a forced-
vibration model of rods in a bundle vibrating due to the random pressure fluctuations in the
turbulent flow acting on the cylinders. The forcing function used was not only correlated on the
same cylinder, but also on adjacent cylinders, using appropriate length scales. Hereto, correlation
functions as proposed by Bakewell et al. were used. They found among others that the amplitude
of vibration increases nearly as the square of the flow velocity. And even though a good qualitative
agreement with measured characteristics of vibration was found, they state that the “quantitative
aspect of the results obtained is clearly predicated on the degree of correctness with which the
excitation field has been modelled”.

To improve on the correctness of the forcing function, the same authors undertook an
experimental campaign to measure and characterize the wall-pressure fluctuations on cylinders in
a bundle in turbulent axial flow [66], [67]. With the generated experimental data, an improved
analytical model was proposed [68]. Figure 6 shows the power spectral density of mid-cylinder
displacements in radial direction in the four-cylinder system obtained with the model compared to
that of the experiments. The excitation frequencies are well captured, however, the vibration
response is clearly overestimated by the model. Normalizing the used differential pressure lateral
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spectral density factors improved the results significantly, with the model predicting quantitatively
a similar response as that found in the experiments.
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Figure 6: Comparison of theoretical and experimental power spectral densities of mid-cylinder
displacements in radial direction in the four-cylinder system [68].

2.3 Experiments for FA FIV

2.3.1 Experiments of axial flow-induced vibrations of single
cylinders and bundles

As illustrated, while significant progress has been made over the years in the modeling of
turbulence-induced vibrations of a cluster of cylinders, all the theoretical methods or analyses are
empirical, or at best, semi-empirical, meaning some empirical coefficients must be known a priori.
Additionally, often the forcing function being used was obtained through measurements for
conditions that may not be fully identical to the case under consideration. Finally, the case
considered in the theoretical models is often a simplification from the actual fuel assemblies, in
which structural elements such as spacer grids and mixing vanes induce significant additional
turbulence. Hence, for correct use of the models based on the theory of random vibration, pressure
field characteristics should be measured in situ. However, as stated by Paidoussis [69], “the
proposition of having to measure the pressure field characteristics in situ in order to predict the
vibration is not practical, for then the vibration amplitude itself might as well be measured in situ,
with at least equal ease!”.

This latter, direct measuring of the vibration amplitudes, was done by many researchers in the past.
This section gives a short overview of the work done on measuring vibrations of single rods in axial
flow, and those of bundles.
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2.3.2 Early experimental work on single cylinders

Most of the earlier studies performed on measuring the vibrational amplitudes of fuel rods in axial
flow had the purpose to predict the displacement of the rods due to the fluctuating pressure fields,
and possibly provide input to analytical models of the same, as described above. Burgreen et al. [6]
experimentally studied the type and magnitude of vibrations of fuel rods due to axial water flow,
thereby varying the flow velocity and several other relevant variables. They observed the vibrations
to be self-excited, resulting in the rods vibrating at their natural frequencies independent of the
water velocity. Quinn [7] performed tests on single and multiple pipes in two-phase steam-water
flow, and found the vibration behavior to be nearly independent of mass velocity for low values
and to rapidly increase in intensity with higher values of mass velocity.

Basile et al. [8], based on experiments in air and water with different types of fuel element cans,
demonstrated the additional effect of flow asymmetry and of some technological parameters
(pumps, grids, clearances) on vibration amplitudes. Additionally, they emphasized that it is not
sufficient to only look at the root-mean-square value of the displacement if the scatter is great, as
values of amplitudes considerably greater than the mean may frequently be reached and exceeded.
As these larger displacements are the main drivers for wear, hammering and fatigue of the rods,
one needs to indicate not only the mean amplitudes of displacement, but also the variance of the
sample of the values measured.

Kadlec & Ohlmer [37] also studied experimentally the influence of external parameters on the
vibrations of fuel pins. They did this by varying the test loop design, and hence the inlet conditions
of the flow, and using a subassembly mock-up. While pressure fluctuations could vary by as much
as a factor of ten at the water inlet into the subassembly, this reduced to a factor of about four for
the pressure fluctuations around the pins and to a factor of three of the vibrational amplitudes of
the pin. So while it seems that the bundle stabilizes the fluctuating pressure field in the coolant,
still a significant influence is found from the inlet conditions.

Paidoussis [10] was the first to look at dimensionless flow velocities larger than one, for which the
vibrations are no longer sub-critical. Using an experimental facility of a flexible cylinder with pinned
ends in axial water flow, he observed that at sufficiently high flow velocity the cylinder is subject to
buckling and oscillatory hydroelastic instabilities, see Figure 7. However, these instabilities occur at
such high flow velocities that they are not likely to be encountered in practice, unless the cylinder
is made of very flexible material such as rubber. In regards to small amplitude vibration of the sub-
critical regime, he postulates, and proves experimentally, that these vibrations are excited by cross-
flow components of flow and other departures from steady, uniform and perfectly axial flow. In a
later experimental study, buckling at higher velocities was also found to happen for cylinders
clamped or pinned at the upstream end and free at the downstream end [40].
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Figure 7: Buckling instability of a rubber cylinder with pinned ends; flow is from left to right [10].

Sogreah [11] performed experiments of a single rod in cold water in which the upstream turbulence
and external excitation were reduced as much as possible. Using frequency spectral analysis, it is
shown that the first and second mode natural frequencies are dominant. With the upstream
disturbances reduced to a minimum, the found vibration amplitudes are considerably lower than
those obtained in the other experiments, where no such care was taken, the main consideration
being the realistic simulation of reactor conditions.

Pavlica and Marshall [15] performed vibrations tests in water of a 4x4 fuel assembly with spacer
grids treated as a composite structure and observed that the behavior of such a structure in axial
flow is quite similar to individual rod vibration in parallel flow; it tends to vibrate near its natural
frequency and the amplitude increases proportional to the flow velocity to the second or third
power. They also studied the effect of the number of spacer grids and temperature, for a limited
range, on the vibrations. The vibrations decreased in amplitude with decreasing number of spacer
grids, due to the decreased stiffness of the structure.

Paidoussis [16] in 1969 performed the most extensive experimental campaign of flow-induced
vibration of cylinders till that point, running: 1) experiments with a single cylinder in the test section,
in which the length, mass, flexural rigidity, and diameter of the cylinder, and the flow velocity were
varied systematically, in order to obtain a measure of the dependence of vibration amplitude on
these parameters; 2) ad hoc experiments with single cylinders on the effect of large-scale flow
disturbances upstream of the cylinder; 3) experiments with a bundle of cylinders. Based on the
results found, and all other experimental data available thus far, a new analytical model of the
vibration amplitude was proposed, see Equation (5), which gives the amplitude
8 ~ ULSS(EN=06p04[32DY65 see also Figure 8. To account for idealized conditions used in lab
experiments, a multiplication factor of 5 is needed when applying the model to industrial
conditions. Additionally, Paidoussis suggested that vibration at low flow rates is mostly induced by
noise and not by the flow, i.e., by pump noise and by vibration transmitted to the cylinder through
the supports. This view is reinforced by the fact that the amplitude of vibration with no flow, but
with the pump turned on, is about the same as the amplitude at low flow velocities.
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Gorman [35], [36] conducted a series of tests in which a single test element has been subjected to
two-phase parallel flow in a circular annulus. As mentioned earlier, higher amplitudes of vibrations
of a rod in two-phase flow are found than in single-phase flows. This is attributed to the higher
peripheral spatial correlation of the pressure fluctuations on the surface of the rod in two-phase
flows. Additionally, displacement increases rapidly and peaks at a simulated quality of 12%, before
undergoing fairly rapid falloff.
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Figure 8: Experimental data from plotted against the empirical expression (K =1) [16].

Wambsganss & Zaleski [70] and Chen & Wambsganss [44] performed experiments of forced and
axial-flow induced vibrations of a rod with arbitrary end conditions, i.e., fixed, pinned or
cantilevered and investigated the influence of flow rate on the rod vibration amplitude, its
fundamental frequency and the system damping. For a fixed or pinned rod, the fundamental
frequency is found to decrease with increasing velocity. For a cantilevered rod, it is found to
increase with increasing velocity. The system damping and vibration amplitude is found to increase
with increasing velocity, for all end conditions considered.
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2.3.3 Early experimental work on coupled vibrations in bundles

While some of the experimental work cited above performed tests with bundles, none of them
looked explicitly at the coupled vibration of a cluster of cylinders. The first to do so were Chen &
Jendrzejczyk [58], who performed three series of experiments on coupled tube/vibration in both
still air and stagnant water, looking at a bundle of seven cantilevered rods. In both air and water,
they first looked at uncoupled vibrations, by fixing all cylinders except one and exciting the free
cantilevered rod by plucking at its free end. This allowed them to study the frequency and damping
of all cylinders. Then, tests were performed with all rods free to vibrate, and plucking at the free
end of one or more cylinders. These tests were done at various gap-to-radius ratios. They found,
amongst others, that as the gap-to radius ratio decreases, the coupled natural frequencies become
more widely spread; i.e., the lowest frequency becomes smaller while the highest frequency
becomes larger. Additionally, they found that the coupling in air was quite small, while significant
coupling exists when the cylinders are placed in water.

Such strong coupling was also found by Paidoussis [59], who studied experimentally the axial-flow
induced vibrations of systems of two, three or four cylinders supported at both ends and positioned
symmetrically in the cylindrical test section of a water tunnel. In a follow-up series of tests, [60],
Paidoussis & Curling conducted experiments in a water tunnel with three- and four-cylinder
clusters, monitoring the cylinders’ behavior either optically or by instrumenting one of the cylinders
with strain gauges. With increasing flow, the amplitude of small random vibrations of the cylinders
increased; simultaneously, the natural frequencies, as a group, decreased, as the band of observed
predominant frequencies of vibration shifts to lower frequencies, see also Figure 9. The cylinders
eventually lost stability by buckling (divergence), and at higher flow by flutter.
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Figure 9: Observed power-spectral-densities for the mid-cylinder displacement of a cylinder in a
cluster of four clamped-clamped cylinders, for three different dimensionless flow velocities u
[60].
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The broading of the vibration band-width and shifting of its center to lower frequencies with
increasing flow velocities was confirmed by Paidoussis & Gagnon in another experimental
campaign they performed [64], mainly with the aim of the development of a forced-vibration
analytical model for the prediction of axial-flow-induced vibration of cylinder clusters. Additionally,
in their experiments of a cluster of four cylinders, they also observed that there exist characteristic
directions (planes) of motion, which correspond to the characteristic vectors of relative inter-
cylinder motions: the so-called “radial” and “tangential” directions for the four-cylinder cluster.
Though not presented, they mention the conclusions reached were backed by experimental
evidence obtained with 2-cylinder and 19-cylinder clusters.

2.3.4 Later experimental work on vibrations of single and clusters
of cylinders

The experimental work described above was mainly performed with the aim to develop and
improve analytical predictive expressions for the vibration amplitude of cylinders in axial flow. With
growing computer power and advancements in the numerical analysis methods and algorithms,
see next chapter, the numerical simulation approach is becoming more an important tool in the
analysis of flow-induced vibration of nuclear fuel assemblies. Hence, experimental vibrational
studies performed in the later years were for a large part aimed at providing input and a validation
basis for the development of numerical tools for the simulation of vibrations of fuel rods induced
by axial turbulent flow, such as those done as part of the joint industry project VIKING [71].

One such experiment is the single vibrating rod experiment performed by Vattenfall Research and
Development [72],[73]- In this experiment, a vertical slender rod with a roller boundary condition
and a clamped bottom end is displaced and then released, after which its vibrations and damping
under the influence of the, followed by tests in water with a flow rate of 1.0 m/s and 3.0 m/s.
Boundary conditions were carefully controlled in order to make numerically modelling of it easier.
The same test loop was used to study the vibrational behavior of an instrumentation guide tube
[72]. The experimental geometry was adopted from the neutron flux detectors housing tube which
is part of the core monitoring system in boiling water reactors. The geometry has been scaled down
to fit the existing test section used for the single vibrating rod experiment, see Figure 10.
Displacements were measured at various water flow velocities.
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Figure 10: Dimensions of the instrumentation guide tube experiment (left) and a schematic of the
complete test section (right) [72].
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While both experiments performed by Vattenfall R&D involve cylinders fixed at both sides,
Cioncolini et al. performed experiments of a cantilevered rod, with the downstream end fixed and
the upstream end free to vibrate [74]. Series of tests were performed at different water flow
velocities, as well as in stagnant air and water. The main goal in designing this cantilever beam
experimental setup was to generate benchmark experimental data in controlled conditions with
non-invasive simultaneous resolution of structural vibration (via non-contact optical tracking) and
fluid flow (via Particle Image Velocimetry (PIV)). In particular the latter, detailed information of the
flow field, is vital for validating numerical models for flow-induced vibration predictions.

Further experiments on a single cylinder were conducted by Modarres-Sadeghi et al. [75] for
cylinders clamped at both ends, Paidoussis et al. [76] for cantilevered cylinders and Kheiri and
Paidoussis [77] for pinned-free cylinders, while a very thorough systematic study of the nonlinear
dynamical characteristics of a single nuclear fuel rod and clusters of fuel rods, both in quiescent and
axially flowing water, has been conducted by Ferrari et al. [78]-[80].

A very recent study on the influence of spacer grids on the flow-induced vibrations in fuel bundles
is that by Zhang et al. [81]. Using a 4x4 bundle, they find that turbulence and vortices generated by
the spacer grids are the two main exciting sources of the rods. The vibration intensity increases
with the increase of flow velocity. The vibration of the rods is found to be mainly due to the
turbulence and the corresponding peak vibration frequency is low. However, the spacer grid
generates vortices and the vortex induced vibration shows high frequency peaks.

2.3.5 Full scale experiments

As the numerical tools aren’t mature enough to accurately predict flow-induced vibrations and the
resulting fretting wear of full scale fuel assemblies, several industries have developed full scale
experimental facilities housing full scale fuel assemblies to study the flow-induced vibrations and
fretting wear of the fuel rods, with the facilities reproducing the operational flow conditions in
terms of temperature, pressure and flow rate. Hereto, in France, the HERMES P Loop [82]{84] was
built, in the USA the VIPER test loop [85]-[87], in South Korea their own dedicated testing facility

[88][90].

2.4 Numerical simulations of FA FIV

With the experimental work on FIV of fuel assemblies discussed in paragraph 2.3, the focus now
shifts to numerical simulations of the same. Different approaches are available in literature for
modelling the Fluid(s) and Structure(s) and eventually coupling the same. Before looking at
literature on Fluid or Structure modelling, a brief but relevant discussion is made on the coupling.

2.4.1 FSI coupling

In the context of FIV of fuel assembly structures, the coupling may be done one-way (weak or de-
coupled) or two-way (strong or fully coupled). This depends on whether the FIV has significant
Fluid-Structure Interaction (FSI) effects, which could be indicated by density ratio of the solid to
fluid where a low value ~O(1) indicates strong coupling [1]. In cases where the FSI effects are not
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so significant, as in the case of TIV, one could obtain relatively accurate solutions with the one-way
approach while for cases with significant FSI effects, such as in VIV or FEI, a two-way approach
becomes mandatory to obtain accurate solutions.

The difference between the two approaches lies in whether both the fluid load and the structure
displacement are exchanged between the fluid and solid solutions, as illustrated in Figure 11. In the
one-way coupling, only the fluid loads are mapped onto the structure. The absence of structural
displacements being mapped back to the fluid causes the flow field to not experience any change
in the fluid domain boundaries [92]. Consequently, the fluid dynamics and structure mechanics
could be performed separately and sequentially.

map fluid loads

Fluid flow Structural dynamic
one-way FSI . ) . ;
simulation simulation
map fluid loads
Fluid flow Structural dynamic
two-way FSI . . . y
simulation simulation

map displacements

Figure 11: lllustration of coupling type

There are broadly two approaches to couple the fluid and structure governing equations: the
monolithic approach and the partitioned approach. In the monolithic approach, the full set of
equations (for the fluid, the structure and the interface) is built and solved simultaneously. In the
partitioned approach, the system is set up individually for the fluid and the structure domain, while
the coupling is established externally which involves mapping and exchange of data from one
domain to the other.

In the partitioned approach, different ways of discretization both for space and time can be used
for the fluid and structure domains, thus making it more suitable for coupling pre-existing CFD and
CSM codes. Usually, the monolithic approach is able to handle greater coupling instabilities [93].
However, new partitioned coupling approaches have been developed recently which extend the
range of applicability of the partitioned coupling approach to cases with stronger coupling
[93],[94]. In this review, only the partitioned FSI approach is considered.

2.4.2 Fluid (Turbulence) Modelling

The fluid flow is governed by the Navier-Stokes equations. These are cushioned by a set of
boundary conditions. Depending on the problem, there exist a number of possibilities in
approximating the representation of turbulence in a CFD solver and solving the governing
equations. These are:
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2.4.2.1 Direct Numerical Simulations (DNS)

The most straightforward approach is direct numerical simulation (DNS). In DNS, the Navier-Stokes
equations are discretized directly and solved numerically. Provided the mesh size and time step are
fine enough to resolve all scales of turbulent motion, an accurate three-dimensional, time-
dependent solution of the Navier-Stokes equations completely free of any modeling assumptions
can be obtained. In the scientific realm, this would be the ideal in calculating turbulence-induced
excitation forces. However, the enormous computational demands for resolving all spatial and time
scales of turbulent motion make its application to fuel assemblies impractical in the industry and
thus no relevant literature exists yet.

2.4.2.2 Large Eddy Simulations (LES)

The LES uses the approach of resolving the energy-containing large-scale turbulent structures on a
mesh while modelling (or filtering) the small-scale turbulent structures. Assuming a universal
behavior of small scales makes it possible to model them in a universal way. The required grid size
Ax depends directly on the filter width A which is ideally smaller than the size I of the smallest
energy-containing motions (see Figure 12). The principal target of the LES is to resolve flow
structures containing the bulk (~80%) of turbulent kinetic energy everywhere in the flow field,
which should be achieved if the mesh spacing is smaller than Iz [95]. Upon filtering the Navier-
Stokes equations, a term remains that causes a numerical closure problem. This is the subgrid scale
(SGS) tensor that represents the effect of the small scale structures on the larger ones. Quite a few
SGS models exist, the earliest and the most commonly used being the Smagorinsky model [96].
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Figure 12: Turbulence energy spectrum and principal of turbulent energy cascade at high Reynolds
number [95].
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In the context of numerical simulations of fuel assemblies and its components using this approach,
there exist quite some literature on the same. Zhang et al. [97] performed wall-resolved LES
simulations using the Smagorinsky SGS model as available in ANSYS FLUENT with the aim to study
and understand the flow induced excitation mechanisms within the CANDU fuel assemblies at an
Re of 54000.

Elmahdi et al. [98] performed a CFD simulation to calculate the turbulence-induced forces along
the fuel rod surface for a 2x2 sub-channel configuration with a spacer grid design with mixing vanes.
The turbulent fluid forces calculated by wall-modelled LES using the WALE SGS model are used as
the input for subsequent vibration analysis using the structural code to predict flow-induced
vibration of the fuel rod and related wear. The main conclusion was that the coupled CFD-CSM
solution provided a reasonable prediction of fuel rod TIV and an accurate representation of all the
important physics and excitation forces was achieved compared to the experimental data.

Bakosi et al. [99] describe a wall-modelled LES approach to calculate the excitation forces for the
GRTFW problem. The limitations of standard eddy-viscosity RANS models to predict turbulent
fluctuations are outlined. LES is recognized as the viable approach for providing the flow-induced
forces for FIV analysis. The authors considered it necessary to study the problem of FIV and GTRFW
with LES before attempting the development of a GTRFW-specific RANS model.

In another paper, Christon et. al. [100] presented the results from a GTRFW analysis consisting of
LES calculations to evaluate the excitation forces using Hydra-TH code and mechanical analysis to
evaluate rod vibration response based on the CFD input. In these studies, an implicit LES method
was used to solve the Navier-Stokes equations on several different meshes, which were optimized
for wall-modeled LES in the fuel rod bundle region, with y+ values between 20 and 60. Within the
spacer grid, fine mesh close to the wall was provided with y+ values close to 1.

Inreferences [101], [102] and [103] Bhattacharjee et al. present the LES simulations performed using
TrioCFD aimed at prediction of pressure fluctuations and fluctuating fluid forces in different single
rod configurations investigated experimentally in the framework of development of methods for
prediction of FIV and GTRFW of PWR fuel rods.

2.4.2.3 Reynolds Averages Navier-Stokes (RANS)

The most common way to deal with turbulence is by using a statistical approach for its modeling.
In this case, the main interest is in calculation of temporal mean (averaged) flow quantities and the
effects of turbulence on the mean flow are taken into account by a model. The most popular
approach for statistical modeling of turbulence is based on the solution of Reynolds-averaged
Navier-Stokes (RANS) equations. The main idea behind this approach is the decomposition of the
flow variables into a time averaged (mean) and a fluctuating part called Reynolds decomposition
(see e.g. [104], [105]). Like the LES filtered equations, there exists a term that causes a numerical
closure problem. This is the Reynolds stress tensor. This term, which incorporates the effect of
turbulent fluctuations on the averaged (mean) flow field, must be modeled to close the equation
system. Common modelling approaches are the Eddy Viscosity Models, such as the k-epsilon and k-
omega models and their variants, and the Reynolds Stress Model.

Since all the turbulence is modeled, the solution of RANS equations always provides as a result an
averaged flow field in which the turbulent flow fluctuations are removed and the effect of the
whole turbulence is represented by an additional diffusion term given by the Reynolds stress
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tensor. This effect of turbulent diffusion is significantly higher in the case of RANS equations
compared to filtered Navier-Stokes equations solved in LES.

The standard RANS models inherently have stronger tendency to damp the flow fluctuations,
which limits their applicability to the evaluation of turbulence-induced fluid forces acting on the
structure. As pointed out by Menter [106] and Acton et al. [107], special modifications of standard
RANS models are needed in order to capture the unsteady flow features representing the
turbulence specific structures. That being said, there still exists relevant literature where RANS or
Unsteady RANS (URANS) have been applied either as standalone or as a precursor to an LES for
fuel assembly simulations.

The steady RANS simulations are focused mainly on evaluation of global flow conditions within
nuclear reactors or local flow conditions within a fuel assembly. Global and local flow distributions
provide information about potential critical areas inside the reactor core or the fuel bundle giving
important input for the FIV design assessment.

One possibility to utilize the steady RANS simulations is to use the flow distribution inside the fuel
assembly to calculate excitation forces acting on the fuel rods using some empirical correlations as
a function of averaged velocity [108]. An example of a steady fluid flow simulation of a quarter of
a PWR core aimed to investigate flow conditions inside the core and derive conclusions for
potential causes of GTRFW is presented by Hatman et al. [109] who used the standard k-epsilon
model with a quadratic constitutive relationship as available in Star-CCM+. The steady state CFD
solution provided in-depth understanding of the global flow field inside the reactor core, in
particular of the uneven flow at the core inlet caused by the reactor core support hardware. The
CFD simulation results enhanced the understanding of the physics behind flow-induced excitation,
and identified the regions within the core exhibiting flow conditions conducive to FIV.

Steady and unsteady fluid flow simulations of a fuel assembly inlet region were performed by Yan
et al. [110] who used the realizable k-epsilon model as available in Star-CCM+. The steady state
simulations helped in understanding the temporal averaged flow field inside the fuel assembly that
was subjected to uneven inflow rates. The unsteady forces on the fuel rods under typical reactor
in-core conditions were calculated by unsteady analysis and used for the GTRFW assessment which
aimed at predicting locations of vibrating fuel rods. Spectral analysis of the CFD results revealed
synchronized excitation forces at the rod locations compatible with the locations of the failed fuel
rods in the reactor.

De Santis et al. [111] and [112] investigated vibration of fuel rods subjected to axial flow induced by
flow fluctuations between sub-channels of closely packed rod bundles. They investigated different
configurations consisting of two and seven rods using URANS k-omega SST model and fully coupled
FSI approach integrated in Star-CCM+ code. Bertocchi et al. [113] investigated FIV in a 7-rod bundle
configuration. They performed coupled FSI simulations using two different simulation approaches
and compared the results with experiments.

In the aforementioned work of Zhang et. Al. [15], the LES simulations used a RANS precursor
simulation that used the k-epsilon model to generate the base mean field. Dolfen et al. [114]
investigated the turbulence-induced vibrations of a wire-wrapped hexagonal fuel assembly of the
Multi-purpose hYbrid Research Reactor for High-tech Applications (MYRRHA) cooled with lead-
bismuth eutectic (LBE). They performed first coupled FSI simulations of a bundle consisting of
seven pins to evaluate eigenfrequencies and damping ratios of the bundle in the LBE using RANS
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approach. In the final step the turbulence-induced vibrations of the wire-wrapped rods were
calculated in a decoupled one-way simulation. Fluid forces acting along the rods are calculated by
LES assuming rigid rod geometry and the vibration response is calculated by a structural dynamic
simulation using these forces as input.

2.4.2.4 Comparison of accuracy of (U)RANS and LES

The key to accuracy for capturing FIV of fuel assemblies and their sub-components lies in firstly
accurately predicting the added mass and damping owing to the structures being immersed in a
fluid. An example of successful application of coupled FSI simulations aimed at evaluation of fluid
damping behavior of scaled fuel bundles subjected to axial flow using RANS turbulence models is
presented by Dressel et al. [115]. Dressel and Kovacs [116] applied the coupled FSI simulation
successfully to evaluation of added and coupled mass used in the accident analysis of BWR fuel
assemblies by recalculating the experiments with full-scale fuel assemblies in a moving
containment filled by water.

However, in the case of FIV, the proper capturing of these two essential fluid effects on dynamic
structural response is not sufficient. The essential difference is that the structural motion is induced
by the fluid flow itself and the models used for FIV must be able to reflect it. In the context of fuel
assemblies and their sub-components which vibrate predominantly due to the turbulence of the
flow, predictions of the pressure fluctuations over the structure and its evolution in time is also
important.

The following example makes a comparison between different approaches of turbulence
modelling (RANS vs LES). A coupled FSI analysis of flow-induced vibration of a slender rod exposed
to axial flow is presented in the work of Bengtsson [117]. Coupled FSI simulations were performed
in the framework of the commercial software ANSYS using partitioned approach based on coupling
of ANSYS mechanical solver with FLUENT fluid flow solver. Different turbulence models were used
which provide different degree of representation of turbulence: unsteady RANS models (e.g. in
given case k-omega SST model of Menter [118]), LES and scale-adaptive simulation (SAS) [119],
[120]. Among all models used in the study, only LES was capable to reproduce reliably the vibration
response of the instrumentation tube measured in experiments. Unsteady RANS model used in this
study was found to be too diffusive leading to strong damping of rod vibration while the SAS model
significantly under-predicted the vibration amplitude. Although rather simple from the geometrical
point of view, i.e., single rod without any supports (compared e.g. to the models of fuel bundles
including spacer grids), this case demonstrates nicely the physical complexity of FIV and the
difficulties related to its simulation. In particular, the importance of appropriate physical
(turbulence) models for given application becomes clearer.

2.4.2.5 Alternative Approaches

Besides the classical (U)RANS and LES approaches, there are additional approaches available in
literature. The first class of these are the so-called Hybrid or Scale-resolving methods that aim to
combine the strengths of LES and RANS especially for highly separated flows. One such hybrid is
the Detached-Eddy Simulation (DES) as proposed by Spalart et. al. [121]. DES uses RANS in the areas
close to walls while using LES far away from the walls. Several flavors of this hybrid technique have
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been developed since its conception in 1999 [122]. In the very first formulation [121], the one-
equation Spalart Almaras eddy viscosity model [123] was used.

The main idea of detached eddy simulation is to limit the eddy viscosity in order to permit large-
scale turbulent eddies to develop. This is done by replacing the distance to the wall, d, which is used
as the length scale in the Spalart-Almaras model, by

d = min(d, CDEsA)

The bound on the length scale has the effect of bounding the turbulent viscosity. If the turbulent
viscosity is kept low, natural instabilities within separated shear layers can evolve into turbulence.
Like in LES, the turbulent eddies are resolved in DES. Hence, the simulation must be three-
dimensional and it requires non-dissipative higher-order numerical schemes both in space and time

[124].

Other variants of DES models have been developed using different eddy viscosity models as the
basis. Among the most popular DES variants are those based on the k-omega SST model presented
by Menter et al. [119] and on the k-epsilon elliptic blending model by Lardeau et al. [125]. Spalart
[122] gives a comprehensive review of the progress in developments of DES including advantages
as well as the main challenges of this approach.

Papukchiev [126] validated the FSI program ANSYS CFX - MOR on the Vattenfall Boiling Water
Reactor (BWR) Instrumentation Tube Vibration Experiment, dedicated to vibration phenomena in
a BWR core as part of the VIKING collaborative initiative. On the fluid side, the Zonal LES (ZLES)
method was applied. The difference from DES is that the switch between URANS and LES is not on
the mesh sizing but is manually prescribed by defining specific URANS and LES regions. For the
URANS side, k-omega SST model was used while the SGS model for LES was not mentioned.

The aforementioned work of Bengtsson [117] also tests the so-called Scale-Adaptive Simulation
(SAS) in predicting the FIV of a slender rod subjected to axial flow. While it is a hybrid method, its
formulation is different from DES. The scale resolving nature of URANS is achieved by introducing
a second derivative of the velocity source term into the specific turbulence dissipation (omega)
transport equation. The derivation is based on a theory of Rotta [127] resulting in an exact equation
for the turbulence length scale. Readers interested in the theory of different hybrid methods are
directed to the review of Menter et al. [128].

Vivaldi and Pulicani [129] simulated the cantilever beam subjected to a water axial flow experiment
by Cioncolini et al. [52], using two-way coupled fluid-structure simulations. The CFD employed wall-
resolved URANS (based on the k-omega SST model) or wall-resolved Delayed Detached Eddy
Simulation (DDES) (applied to the k-omega SST model). They found that URANS was unable to
calculate the unsteady behavior of the flow, thus predicting practically zero beam vibration
amplitude; on the other hand, DDES was found to predict significant unsteady fluid forces that, in
turn, allowed to calculate beam vibration amplitudes of the same order of magnitude as the
experimental measurements.

In order to use advantages of the RANS models with regard to computational effort but to be able
to capture turbulent pressure fluctuations, an alternative approach to the scale-resolving methods
was used by several authors (see e.g.[130]) by the name of Pressure Fluctuation Model (PFM). They
used a hybrid method in which the turbulent flow fluctuations are added on top to the fluid flow
solution based on steady [131] or unsteady ([130], [132]) RANS simulations. This approach is based
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on the solution of an additional Poisson equation for pressure fluctuations which is derived from
Navier-Stokes and Reynolds-averaged equations (see e.g. [95]):
a%p’ aU; du; 02 -

=—p|2 —_— u —u'u!
dx;0x; P 0x; dx; = 0x;0x; (uruj utuj)

The velocity fluctuations appearing in the above equation are calculated by utilizing the turbulent
kinetic energy spectrum. The time variation of the velocity fluctuations is represented by a discrete
Fourier series. The coefficients of the Fourier series are calculated in a way to fulfill the von Karman
turbulence energy spectrum (see [65]), using input information about turbulent kinetic energy and
dissipation from RANS simulation results. Further development was made to deal with the
anisotropic nature of turbulence, that is typically seen in fuel assemblies, in the form of the Ani-PFM

model [133],[134].
2.4.3 Structure Modelling

The fundamental laws that govern the mechanics of solids are the same laws that describe the
mechanics of fluids, namely, the conservation of mass, linear momentum and energy. While fluid
mechanics are generally treated with an Eulerian approach, the solid mechanics equations are
generally expressed in the Lagrangian frame, where the observer follows the solid material as it
moves through space and time. This means that special consideration must be taken for FSI
simulations since a middle ground must be achieved for the frame of reference. This is achieved
with the Algebraic Lagrangian-Eulerian formulation [135]. Note that this holds for cases of two-way
coupling. With respect to modelling the solid, the following methods are found in literature:

2.4.3.1 3D modelling

This is common for two-way coupled simulations. For such a setup, a choice can be made with
regards to whether the geometry is “linear” or “nonlinear”. This is concerning the strain where the
infinitesimal strain approximation is used for the former while the latter uses the finite (nonlinear)
approximation to describe the state of strain. The former is more suitable for small displacements
and small strains while the latter is suitable for large displacements but small strains. In the context
of TIV, the linear geometry is more suitable and has been used in literature [113]. Given the large
domain size of general fuel assemblies, a reduced-scale fuel rod bundle is generally seen in
literature [113],[136].

An example of FIV in a reduced-scale fuel rod bundle consisting of seven rods arranged in a
hexagonal tightly packed rod matrix was recently published by Dolfen et al. [136] and Bertocchi et
al. [113]. These studies were performed within the framework of SESAME project [138] aimed at
benchmarking the tools and models developed by Ghent University and NRG against experimental
data generated at Delft University of Technology as given by Bertocchi et al. [139]. The FIV
mechanism of primary interest in this case was the vibration induced by large-scale coherent flow
structures pulsations specific for tightly packed hexagonal rod matrix arrangement [140].

In the numerical simulation the flexible part of the silicone rod was considered as solid and it was
represented by finite element structural models consisting of 3D linear elastic elements. Steel rods
were considered as rigid in the simulations. The commercial codes Star-CCM+ and ANSYS FLUENT
were used. In both results, the dominant frequency was found to be overestimated while the mean



GO-VIKING (101060826)

D1.2 - Flow-induced vibrations in nuclear power plants

vibration amplitude was found to be underestimated. This could be a direct consequence on relying
on a pure URANS approach for modelling the fluid side which suffers from the aforementioned
drawbacks.

2.4.3.2 1D Beam Model

For one-way or even two-way (with additional appropriate coupling effort) coupling approaches, it
can be possible to select a 1D representation of fuel rods. The fuel rods can be represented by a
beam subjected, for example, to the Euler-Bernoulli beam theory [141]:
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where p(z) is the density of the beam, Sis the area of the cross-section, cis the damping coefficient,
E is the modulus of elasticity, I is the area moment of inertia of the cross-section, ui(z, t) is the
lateral displacement along the rod, fe(z,t) is the excitation force, f.(u:) represents the connecting
forces describing the fuel rod support in the spacer grid cells.

Such an approach was taken by Dressel et. al. [115] who showed that the measured structural
dynamic behavior of an 8x8 fuel design in the pluck excitations could be consistently and
quantitatively reproduced in FSI coupled CFD simulations featuring the detailed flow geometry of
the 8x8 FA. The FSI implementation was based on the user coding capabilities in the STAR-CD
commercial CFD software with the FA structure treated by a FE beam modeling approach. A key
feature of the approach was that the whole fuel assembly was represented by one beam.

Another example is that in the work of Christon et. al. [100] who presented a new approach for
predicting GTRFW that used high-resolution implicit large-eddy simulation to drive nonlinear
transient dynamics computations. The fluid-structure problem is separated into the simulation of
the turbulent flow field in the complex-geometry fuel-rod bundles using implicit LES, the calculation
of statistics of the resulting fluctuating structural forces, and the nonlinear transient dynamics
analysis of the fuel rod that are modelled by the aforementioned beam theory.

An FSI two-way coupled approach based on an Euler-Bernoullibeam model was proposed by Vivaldi
and Ricciardi [137]. The beam model was implemented inside the CFD code code_Saturne. The FSI
approach was then used by Vivaldi and Pulicani to simulate FIV of a rod subjected to a water axial-
flow [129].

2.4.3.3 Modal decomposition

A modal decomposition method is currently available as a mechanical Reduced Order Model (ROM)
that has been tested in conjunction with ANSYS CFX [126],[142]. The principal idea of this method
is a mode-superposition method, which uses the eigenfrequencies and mode shapes generated
from a modal analysis to characterize the dynamic response of a structure to transient or steady
harmonic excitations [143]. By performing key mathematical operations on the structural
governing equation, the following decoupled set of equations are obtained:

Y, + 2wy + wfyi = fi,
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where ¢; is the fraction of critical damping for mode i and w; is its angular frequency. Since i
represents any mode, the above equation denotes n uncoupled equations in the n unknowns y;.

The advantage of the uncoupled system is that all the computationally expensive matrix algebra is
preliminary done in the eigen-solver, and long transients may be analyzed inexpensively in modal
coordinates with the above equation. The nodal displacements y; are converted back into
geometric displacements (the system response to the loading). That is, the individual modal
responses are superimposed to obtain the actual response, and hence the name “mode-
superposition”.

In the recent works of Papukchiev [126] and Zwijsen et. al. [142], this approach has been tested
against the Vattenfall BWR Instrumentation Guide Tube experiment as part of the collaborative
VIKING initiative. Overall, the results obtained showed a good match for the eigenfrequency of the
first mode of the guide tube with the one obtained from the experiment. Looking at the tube
displacement, it was found that the method overpredicted the vibration amplitudes, which meant
the solution was conservative. Considering the reduced computational costs of the used approach
compared with high-resolution FSI approaches, the results, even though somewhat preliminary,
were considered to be satisfactory. Further testing is suggested by the authors.

2.5 Summary

In an NPPs fuel assembly, the coolant flows axially along the fuel rod. The turbulent nature of this
flow results in a fluctuating pressure force on the rods, giving rise to vibrations of the rods. In
particular, at the points of contact of the rods with the spacer grids, this leads to local wear of the
rods. If not managed adequately, this can result in grid-to-rod fretting wear, which is the main
source of fuel failures in PWRs. As failure of the rods can lead to release of fission gases and
expensive unplanned outages, NPP vendors have tried to estimate the vibration amplitudes of
rods, and the associated wear, since the early NPP design.

Early on, analytical models were used to estimate the vibrations amplitudes. These models attempt
to empirically correlate observed vibration levels with known system parameters such as flow
velocity and hydraulic diameter. While the model’s complexity grew with time, by increasing the
number of system parameters included in the model and later on even switching to a dynamic
equation of the rod’s motion, all the theoretical methods or analyses are empirical, or at best, semi-
empirical, meaning some empirical coefficients must be known a priori. Hence, some researchers
concluded that if one is to measure particular model parameters in situ, one might as well measure
the vibrations directly.

Measuring the vibrations directly was hence also done by a large group of researchers from the
early days of NPP design. While the early measurements were performed for single rods, later
experiments involved large clusters of cylinders, thereby taking into account the hydrodynamic
coupling of the rods. Full scale experiments were even performed in the later years, where both
the vibrations and fretting wear were measured. While the experiments, and later analytical
models, obviously give good estimates of the vibration amplitudes, it is not straightforward to
extrapolate the found results beyond the investigated range of system parameters. And
performing experiments for a large range of these parameters is expensive.
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Therefore, with the increase in computational power, numerical methods are more frequently used
to estimate the fuel rod’s displacements. As the problem at hand involves both fluid flow and
structural motion, this generally means coupling accurate CFD solvers with structural mechanics
solvers. To accurate resolve the pressure fluctuations, scale-resolving methods such as LES or DNS
are generally used on the fluid side, though attempts are being made to use hybrid approaches or
URANS solvers with additional models for the pressure fluctuations. On the structural side, most
often 3D structural elements are used, though due to the relatively simple geometry of the rods,
1D beam elements and modal decomposition methods have been shown to also give good
estimates for the rod’s displacement.

Due to the interaction between the fluid and solid, the fluid flow and structural mechanics solvers
generally need to be coupled. This could be either coupling in time, where data is exchanged
between both solvers each time step, or by solving for the fluid flow first and prescribing the found
pressure fluctuations as a boundary condition for the structural motion. This latter 1-way coupling
saves considerable time and costs, and due to the rod’s small displacements, can give a good
estimate for the vibration amplitudes. Such one-way coupling has also been used in the full-scale
models that not only estimate displacement, but also wear of the rods.
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3. Currently available experimental data and
methods for FIV in SGs

W. Benguigui, S. Benhamadouche

3.1 Introduction

In PWRs, the heat from the primary circuit is used to boil water in the secondary loop. Thanks to a
tubular heat exchanger, called steam generator (SG), power is transferred from primary to
secondary loop. This hence produced steam is dried before entering the turbine through swirl
separators and steam dryers.

PWRs can have two, three or four SGs. Their height might be up to 20 m and weight as much as 800
tons. The tube bundle is composed from 3000 to 16 000 U-tubes with a diameter of approximately
20 mm for French SGs. A sketch of the EPR steam generator is exposed in Figure 13.

Steam
100% -4 : )
Steam dryer
03" - t T
T :
_ hiﬂ&ﬁu Swirl vane
¥ RS S separators
y.=
. | Two-phase
cross-flow
I
Heat-exchanger
111 tube bundle
0% = HH 4—+— C(Cross-flow

Figure 13: Cross-sketch of an EPR steam generator. The production of steam is sketched by blue to
red arrows. Vibration due to cross flows are located in the red circles.

In a PWR recirculating SG, the primary loop flows through thousands of U-shaped tubes with a tube
sheet at the bottom and U bends at the top of the tube bundle. Primary coolant water enters the
steam generator usually between 315 - 330°C for the hot leg side and leaves at about 288°C for the
cold leg side.
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The secondary coolant water enters through a feedwater nozzle, the distribution is then performed
by aring into the downcomer, where the water from the separators is drained. Then, it flows to the
bottom before going upward through the tube bundle, where phase-change occurs. About 25% of
the water is converted into steam in the tube bundle, the other part being recirculated.
SGintegrity is extremely important both for economic and safety reasons as degradation over time
might occur. Consequently, during scheduled maintenance outages or shutdowns, steam
generator tubes are inspected. SG problems are of primary interest since they might lead to
unscheduled or extended maintenance operations. Unfortunately, these maintenance and
replacement operations are expensive.

One of the main tube degradation mechanisms is flow induced vibration. [1] identified two
locations of the steam generator where there is a cross-flow: at the bottom of the bundle under
single-phase flow and at the top under two-phase flow with high void fractions (see Figure 13).
There are two kinds of degradation mechanisms that might occur due to flow-induced vibration:
fretting wear and high cycle fatigue. It might affect anti-vibration bars, tube support plates or tubes
leading to SG maintenance.

According to [2], three main categories drive flow-induced vibration in single-phase flow:
Tubulence-Induced-Vibrations (TIV); Vortex-Induced-Vibrations (VIV); Fluid-Elastic Instability (FEI).
Vibration regimes are clearly highlighted in published experimental data with fluid-elastic instability
as the most violent regime for a structure since it might cause vibration of high amplitude.

To characterize the three regimes, a velocity, called “reduced velocity”, is defined to quantify the
relation between characteristic length from fluid and solid.

v U
R=T7p

foD
with U the fluid velocity, D the characteristic length of the structure, and f, the natural frequency
of the structure. Moreover, different other dimensionless numbers are used to characterized fluid-
structure interaction in single phase-flow, as described by [5], and in two-phase flow [6].

Yrms

Fluidelastic instability ——

Response

to flow
“periodicity™
Nonresonant

buffeting
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U

Figure 14: Idealized response with increasing flow reduced-velocity of a cylinder from [3] (left)
and downstream vortices of a cylinder [4] (right).
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Turbulence-induced vibration is defined by random turbulent forces leading to pressure
fluctuations at structure wall. The structure can be seen as a filter taking energy from the fluid. In
fact, the solid begins to vibrate with reasonable amplitude driven by the Reynolds number. In SGs,
turbulence is essential to increase heat transfers. Despite low vibration magnitudes, it is crucial to
take TIV into account for its influence on the tube duration. Periodic vortices in the wake of the
cylinder is responsible for the increase of magnitudes when its frequency is close to the natural
frequency of the cylinder (see Figure 14). Vortex-induced vibrations are stable due to the non-
linearities of the system. Outside these range of reduced velocity, the structure motion is governed
by turbulent excitation until a critical reduced velocity. Fluid-elastic instability is a result of fluid
forces which are generated by the vibration itself. This self-amplified phenomenon appears above
a critical velocity that was extensively modeled in last decades in single and two-phase flows.
When two-phase cross flows appear (half of the heat exchangers utilized in industry [6, 7]), the
phenomenon is even more challenging since two-phase phenomena affect the dynamic of the tube,
thus its response. Three main two-phase flow patterns are identified in literature:

e Bubbly flow, low void-fraction, where the response of the tube is similar to the one in single
phase flow;

e Intermittent flow, with only few local scale description, where the two-phase damping
(highest damping for this pattern) appears to be not well understood when reducing the
slope of FEl and increasing critical reduced velocity;

e Annular flow, high void fraction, where the tube response comes back to something similar
to single-phase flow.
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Figure 15: a) Comparison between the theoretical model of hydrodynamic mass [8] with
experimental data. The decrease of the hydrodynamic mass is responsible for the increase of the
critical reduced velocity. b) Comparison between the theoretical model from [9] and experiments
for different mixtures and configurations. The variations of two-phase damping with void fraction

are responsible for the variation of the slope of fluid-elastic departure.
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Unfortunately, steam-water flow is complex to reproduce in labs to study its role on FIV,
consequently simulant fluids are used such as: water/air or adiabatic freon for example. These
mixtures introduce distortions in terms of mass ratio, viscosity ratio, or surface tension. Most of
the time, geometric parameters of reduced-size experiments are similar to the ones in SGs,
consequently dimensionless parameter such as the Weber number cannot be respected. The
transition in terms of flow pattern, gas structure size, or wetting properties are consequently
different and affect their ability to be representative of a steam-water flow-induced vibration in a
tube bundle.

The tube response is characterized by its inertia, stiffness and damping. Illustrated in literature,
these two-phase dynamic parameters, added mass and damping, are different from single-phase
flow ones due to the change of physical properties.

The equivalent mass of external fluid vibrating with the structure [10] is known as the added mass.
In two-phase flow, it decreases linearly with void fraction increment, see Figure 15 a). It explains
the increase of critical velocity when void fraction increases.

Damping is the energy dissipation due to the flow or the structure. In two-phase flow, there is a
significant dependency on the pattern as seen in Figure 15 b): the damping reaches a maximum for
void fraction between 40% and 70%. The relationship between local void fraction fluctuations and
damping ratio is probably explained by the temporal fluctuations in the momentum because of gas
and liquid slugs alternatively impinging the tube. Damping is consequently of primary interest to
predict fluid-elastic instability departure.

3.2 Experimental review of FIV in tube arrays

There are many configurations of flow through tube arrays also called cross-flow in tube bundles.
One may also find different names for the same configuration. Figure 16 gives the two main generic
configurations, the in-line and the staggered one. L, T, D are the longitudinal pitch, the transverse
pitch and the tube diameter. U, Ug and Ty are the upstream velocity, the gap velocity and the
turbulent intensity upstream the bundle. Ug = T/(T - D) x U.. The normal, rotated and rotated square
triangular configurations are obtained for a=30°,a=60°and a = 45°, respectively. They will be noted
NR, RT and RST, respectively. The in-line square configuration is obtained when L = T = P. Table 2
gives L and T as a function of the distance between the tubes P for the particular triangular
configurations. Note that in these cases, the distance between the cylinders centers is constant
and usually instead of giving L/D and T/D, only the pitch-to-diameter ratio P/D is given.

Several experimental configurations exist as is shown in Tables 2 and 3. Square and triangular
configurations are separated due to the large number of available experimental data. There are
experiments with flexible tubes (moving tubes), sometimes just one single or a group of tubes, and
experiments with fixed (rigid) cylinders. We will avoid here the nomenclature “flexible” to avoid
talking about the possible deformation of a tube in the span-wise direction; we consider only rigid
fixed or flexible (moving) cylinders. We clearly see from the tables that experiments dealing with
both fluid and solid measurements are rare.

Experiments dealing with tube motions measure several variables, the most important ones being:
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e The critical velocity Upc at which the fluid elastic instability occurs (usually based on the gap
velocity); this gives instability maps of U,¢/fnD as a function of the mass-damping parameter
& (see below). An example is given in Figure 17 (left). This velocity can be obtained by
interpolating linearly the r.m.s. of the tube displacement (as a function of the imposed gap
velocity) using the points where there is a sharp increase. The intersection of this line with
the abscissa line gives Up..

e The tube displacements usually expressed as r.m.s. of the displacement relative to the
diameter of the tube as a function of the gap velocity.

e The dominant frequency of vibration of the flexible tube. An example of these two latter
quantities is given in Figure 17 (right).

Additional data can be provided such as spectra, forces, etc.

When the tube is not moving we often find in the old literature fluid measurements such as the
velocity and turbulence intensities using hot wires of films. We might also find LDA and PIV data and
pretty fine pressure measurements as it will be shown. Another more pragmatic way to understand
flow physics is visualisation using dyes or particles. [11] (see Figure 18) shows that vortex shedding
emanates from the tubes of the first row and then proceed into the flow lanes of the second row
and promote vortex formation from the tubes of this row. This phenomenon has been observed
independently of the Reynolds number. More generally, identifying the flow patterns depending
on different non-dimensional parameters is still a challenging task (see [12] containing several
observations). As it will be shown later, isolating flow patterns doesn’t seem to be an easy task
because of the possible bifurcation (or bi-stability or jet switching) phenomena in all the
configurations.

For a flexible tube configuration where one assumes that all the tubes are similar, all the targeted
variables (fluid quantities, tube displacements, forces on the tubes, ...) are function of several
parameters. In addition to the previous variables and for a single phase-flow configuration, let call
L; and H the tube length and the channel width, v and p the kinematic viscosity of the fluids and its
density, m, f,» and { the mass of the cylinders per unit length including the added mass due to the
fluid, the natural frequency and the damping ratio (these data can be obtained experimentally).
Thus, whatever the sought quantity is, it should be expressed as a function of L, T, D, H, L;, Ug, Ty, v,
p, m, foand {. U, is a function of Ugand one has to choose between the two as these two parameters
are dependent. We could also add the number of tubes nyand ny in x and y directions (which reflect
the width and length of the bundle). There also might be a redundancy between H and n,, this
depends on the distance of the side tubes to the confining walls. Using Vaschy-Buckingham
theorem and if we search for example for the critical velocity U, at which the instability occurs, we
have 13+1 dimensional parameter and three units (note that T, nx and n, are already non-
dimensional). Thus Upd/f.D is a function of 9 non dimensional independent parameters. We have
actually:
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Reg, XL and Xr are the Reynolds number based on the gap velocity, the longitudinal pitch-to-
diameter ratio and the transverse pitch-to-diameter ratio. We usually define & as the logarithmic
decrement of the damping. We have § = 2r{/(1 — ¢?)%®, which may replace { in the above
equation. § = 2n{ if { << 1, which is often the case.

This is the rigorous dimensional analysis but we often find for example U,, = K x &, where K and
a are constant; here two non-dimensional numbers have been considered with the same power.
The combination of these two dimensional numbers gives the Scruton number or the mass-
damping parameter also called §&,; Sc =&, = m§/pD?. [13] studied mixed configurations
(staggered and in-line) and found a formula for the critical velocity Up./f,D = 2.51(2n{m/
pD?)0:52,

We may find in the literature more sophisticated expressions; for example in [14] where Uy is
expressed as a function of mpD? and P/D, separately. This analysis shows that the expected
quantities might depend on much more than one non-dimensional parameter, and this makes the
analysis complex.

The next two sections give separately the gathered available experimental data for the in-line and
staggered general configurations, separately (although some comments are sometimes given for
both configurations). This is a non-exhaustive list and some more references are added in the
comments. The reader can also find additional older but very instructive experiments mentioned in
[14] and [15] among others. In the present document, we try to give some major statements found
thanks to the experiments. The configurations which have less than 4 and 3 tubes in the
longitudinal and normal directions, respectively, are not considered in the present work. As
acoustic resonance is not our main target this phenomenon is not analysed in the present work.
Heat transfer is also not considered and the effect of the temperature is not taken into account.
The temperature may vary experimentally and this information is often not reported ([13] reported
a sensitivity of the data to the temperature). Here are some indications to read the tables:

e When (*) is mentioned in the Reynolds number column, the latter is calculated using the
upstream velocity and not the gap one.

e When (¥) is mentioned after the tubes number nyxn, column, it means that half tubes are
used on the side walls. The half cylinders might be used to decrease the boundary effects.

e When (-) is mentioned in a column, it means that the information has not been provided or
not found by the authors.

Tube array configuration L T
Normal triangular (NT) P P cos(mt/6)
Rotated triangular (RT) P tan(mt/3) P

Rotated square triangular (RST) P tan(mt/4) P cos(1t/4)

Table 1: L and T as a function of P in the particular triangular configurations.
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Figure 16: General configurations of the flow through tube arrays, (left) in-inline configuration,
(right) staggered configuration, inspired from [16].
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Figure 17: (Left) Critical velocity (or threshold) for FEI, image taken from [14] who compiled several data,
Robert’s and Connors’ work can be found in [17] and [18] (right) Example of tube amplitude and
frequency response for a normal triangular array at P/D = 1.5 in water, taken from [19].

Figure 18: Flow visualisations from [11] for normal triangular configurations, (left) behind the first
two rows at Reynolds number (a) 1000, (b) 1800, (c) 5000, and (d) 7000, (right) behind the first
three row for P/D = 1.61 and at Reynolds number 3050 and Re=15250.



GO-VIKING (101060826)

D1.2 - Flow-induced vibrations in nuclear power plants

3.3 Experiments for single-phase flows

3.3.1 Experiments for the in-line configuration

Table 2 gives the major experiments for the in-line configuration chosen by the authors'. We start
first by giving some outcomes from a structural point of view, then we move to experimental data
more related to the fluid flow.

Note that upstream velocities are always well controlled in the experiments and will not be precised
in the tables.

We mainly deal herein with turbulent flows. [20] observed that the laminar regime goes up to Re =
150 based on the upstream velocity. This regime is characterized by a stable symmetric vortex
shedding. The wake becomes unstable (loss of apparent coherence) and fully turbulent at Re = 400.

In order to predict FEI, we clearly distinguish between vortex shedding and turbulence buffeting
phenomena. The first one usually occurs at the first rows with reasonable upstream turbulence and
may lead to resonance. The second one, characterised by large turbulent structures, is considered
asresponsible for FEl departing from a certain velocity [14]. According to [13], vortex shedding does
not affect the onset of FEI. [19] noticed that for both staggered and inline configurations, the
critical velocities are very similar for different tube mass ratios and that the tube response curves
increase more abruptly as the mass ratio increases, what makes the definition of the stability
threshold easier. [19] also gave estimations of the averaged critical reduced velocity for the four
usual main patterns (normal, rotated, rotated square and in-line) for different pitch-to-diameter
ratios. However, [16] tested 4 configurations with various pitch-to-diameter ratios and showed the
limitations of stability diagrams not taking into account the pitch-to-diameter dependency. [21]
using the experiment detailed in table 2 improved Roberts [17], Connors [18] and Blevins et al. [22]
predictions of the critical velocities by considering unsteady fluid dynamic forces measured
experimentally. They also found that the critical velocity in a low density fluid like air is proportional
to (m&/pD?)%5 as predicted in the past but is less influenced by the mass-damping parameter for
high density flows. The number of rows and upstream turbulence may also play an important role.
[13] found that, generally speaking, upstream turbulence stabilizes tube arrays as they found that
the critical velocity increases while increasing upstream turbulence. However, [23] showed that
added upstream turbulence has little effect deeper in an array than on the first row of cylinders.

Generally speaking, FEI is observed for vibrations perpendicular to the main flow direction also
called cross-flow direction. However, this phenomenon can occur in the flow direction. [24] argued
that vortex shedding resonance leads to large stream-wise displacements (about 6% of D). This
shedding is due to pairs of vortices emanating from the first tube row and this phenomenon
persists up to at least the third row, the second tube row response being the largest. In [23], for all
positions of the flexible tube in the array, the flexible cylinder was found to become fluid-elastically

": In Weaver and Yeung (1984), there were also normal and parallel triangular configurations.

In Chen and Jendrzejcyk (1981) few points go up to 100 for the mass-damping ratio. In da Silva et al.
(2018), 35 configurations are also reported. A better description of wind and water tunnels
experiments are given in Price et al. (1986) and Price et al. (1986) for Price and Paidoussis (1989).
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unstable, with its motion predominantly in the cross-flow direction. [25] also identified two distinct
motion-dependent excitation mechanisms for a cylinder: a single-mode flutter phenomenon and a
symmetric vortex shedding resonance. According to the authors, the first one is responsible for the
on-set of fluid-elastic instability in the cross-flow direction.

[26] performed flow visualization study of an in-line array in water flow to reveal the nature of the
flow instability, which dominates away from resonance effects. They showed that the flow
structure is dominated by the instability of the jet issuing between the tubes. The jet impingement
on the downstream tubes enhances the symmetric mode and suppresses the anti-symmetric mode
of the jet instability. Later, [27] performed deeper investigations with flow visualisation for the in-
line configuration in water or in air. They observed that large-scale vortices are formed on both
sides of the flow lanes between adjacent cylinders after a development through the first few rows.
The vortex-shedding is due to the jet instability and looks like a pulsating flow emanating from the
gaps between the cylinders. The gaps must be small enough involving relatively packed bundles
(P/D in the order of 1.5). This instability is 7 out of phase with those of the neighboring cylinder,
which leads to an anti-symmetric phenomenon, but not comparable to the vortex shedding of an
isolated cylinder.

Flow field measurements have received less attention than mechanical responses in the early years.
With the growth and enhancement of measurement techniques, we have more and more data that
allow us to better understand the FSI mechanisms and to validate numerical approaches such as
simplified mechanical models or CFD. The measurements, in particular concerning the surroundings
of a flexible tube, are difficult. We find much more data in the literature with fixed tubes.
Concerning the involved frequencies, [28] studies deep tube arrays and showed that Strouhal
numbers associated with peaks in the turbulence frequency spectrum of flows in tube arrays can
be functions not only of the bank geometry, but also of measurement location and Reynolds
number. Thus, the practice of assuming broadband turbulent excitation of tubes for vibration
design could be limited.
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[29] measured r.m.s. of the wall pressure fluctuations. They found that they scale with the gap
velocity and give the same magnitudes for triangular and in-line arrays. In triangular arrays, there is
no local maximum around the tubes. However, with the in-line configuration, the authors found
pronounced local maxima at 30° and 45°. They also analysed pressure and velocity spectra. They
found, for example, that the energy of the small scales increases with decreasing the pitch-to-
diameter ratio. [30] analysed in-line and staggered configurations. For the in-line configuration they
showed that turbulence increases gradually from the first row to the fourth. The flow was
characterized by two flow regions; (a) a vortex region behind the tubes, (b) a straight flow region
of high velocity in space between adjacent tubes. The wake structure at the first row was different
from the other ones which were open. In the staggered array, the turbulence grows highly behind
the second row in comparison to the in-line configuration and becomes homogeneous more
rapidly, compared to the in-line configuration. The flow was characterized only by symmetric pairs
of vortices behind all the tubes. The wakes were also close behind all the tubes.

Finally, [12] tried to identify persistent flow patterns in the in-line configuration. The same regime
did not always persist along all cylinder rows for a given spacing ratio. For the smallest T/D ratio, a
quasi-steady behavior associated with a biased flow pattern was noted and flip-flopping was
observed in one case. Additional considerations made the authors conclude that there is a need to
extend flow pattern investigations to arrays with more cylinder rows.

3.3.2 Experiments for the staggered configuration
Table 3 starts by giving the major experiments for the in-line configuration chosen by the authors?.

First concerning the laminar regime, [24] used flow visualization to show that for Reynolds
numbers up to about Re = 870, based on the gap velocity, the flow development in the array is
laminar and looks like the one obtained for an isolated single cylinder characterized by regions of
unseparated flow, then stable attached vortices and finally alternate vortex shedding.

[41] found with a triangular array configuration and P/D = 1.375 that the critical tubes for fluid-elastic
instability are in the third and fourth rows. It is thus recommended to use six tube rows.

Obtaining FEI is not straightforward as it is shown with the examples below. [32] found, for
example, that a single flexible cylinder in the studied array does not become fluid-elastically
unstable. Vibrations both from turbulent buffeting and from resonance were however observed.
[42] (same experiment as [32]) showed later that it is possible to obtain FEI when the array has
three or more flexible tubes, at least when the flexible cylinders are positioned at the first few rows.
[43] observed FEI with air-flow, predominantly in the flow direction, in the first two or three rows.
In water-flow, oscillatory FEI never developed. [44] obtained FEI in air-flow at a pitch-to-diameter
ratio P/D = 1.375 for a single flexible cylinder. FEI is obtained in the cross-flow direction and
instabilities in the flow direction were also observed. [45] found that a single flexible tube located
in the third row (this does not apply for rows 1, 2, 4, 5) of a rigid parallel triangular array becomes

’[35] analyzed vortex shedding mechanisms and turbulent forces exerted on the tubes. Other work from the
same authors can be found in [36] for a parallel triangle tube bundle. In [37], additional configurations of
rotated and normal triangular configurations are studied. [38] used electromagnetic shaker for additional
force to change the damping. [39] also studied parallel triangular configuration. For [40], other
configurations exist.
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fluid-elastically unstable at essentially the same threshold as for the fully flexible array. Thus, tube
location significantly affects its fluid-elastic stability behavior when tested as a single flexible tube
in a rigid array.

In [42], the experimental results show that increasing mechanical damping has a very small effect
on the critical flow velocity at which instability occurs. However, increasing non-dimensional mass
can result in a large increase of the critical flow velocity. [46] showed that a fully flexible array
undergoes FEI despite the unidirectional flexibility constraint, the critical instability velocity being
of the same order of magnitude when compared with previous tests on an unconstrained fully
flexible array. A single flexible tube, on the other hand, is found to be stable.

[47] showed that in case of instability due to galloping (fluid-damping-controlled instability) the
correlation length of the forces acting along the tube axis increases suddenly to large values. The
fluid forces are well correlated for the whole tube when galloping is dominant.

Following [37] and [16], [48] showed among other findings that for normal (P/D=1.375) and rotated
(P/D=1.25) configurations and by using grid turbulence with variable geometric properties leading
to variable high turbulence intensity and length scale at the inlet of the bundles, a stabilization
occurs with increasing turbulence in case of single flexibly mounted tube (in the first few rows).

[24] performed experiments with single flexible tube and a fully flexible array. They provide
valuable information on the flow unsteadiness through a deep analysis of the Strouhal numbers
based on flow velocity. The excitation phenomenon for a single flexible tube had a lower Strouhal
number than the full flexible bundle and the turbulence spectrum was quite different. This implies
that the shape of the turbulence spectrum is significantly influenced by very small tube motions
(less than 0.5% of D). FEI in the transverse direction occurred at a slightly lower critical reduced
velocity than that for the full flexible bundle. The flow visualization studies allowed also performing
comparisons with observations made with the in-line configuration. They showed that flow
development in the staggered array exhibits alternate vortex shedding which does not occur in the
in-line array. On the other hand, the associated symmetric vortex shedding observed in the in-line
array did not occur in the staggered array.

[39] provided very useful surface pressure measurements for a tube in the third row of three
normal triangular arrays. Pressure measurements were also made with various static displacements
applied to the tube. The fluid forces did not scale with the upstream velocity as assumed by models
in the literature. It was found also that the fluid forces are dependent on Reynolds number and
pitch ratio. A non-dimensional relationship between drag coefficient and Reynolds number is
proposed for the three arrays.

[40] provided a widely used experiment for CFD validation as it will be shown later. Velocity and
Reynolds stress measurements at several locations are provided. The success of this experiment
comes probably from the fact that the tube bundle is deep enough to consider a statistically
periodic flow at the last rows. As computing power was rather limited in particular twenty years
ago, a lot of contributors assumed numerically periodic boundary conditions using a minimal
pattern. [49] also provided valuable LDA data but on shorter tube bundle.
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3.4 Experiments for two-phase flows

In two-phase flow, an additional parameter is the two-phase behavior of the flow, which is still a
challenge to characterize in a tube bundle. The description of the incoming flow is no longer based
on a velocity or a pitch-velocity, but on pitch superficial velocities or on a homogeneous velocity.
The superficial velocity of phase i is defined as:

LMy

J=—=

piS

with i the liquid or gas phase, m; the mass flow rate of phase i, S the section of interest (test section
for the inlet or gap section in the tube bundle for examples) and p; the phase density. The void
fraction is commonly defined as:

q = Je _ pLx
Sji+ijc Spe(1—x)+pLx
with S is the slip ratio between phases and x the flow quality. In most of the two-phase FIV
literature, the homogeneous void fraction (8) is used, the slip ratio is considered equal to 1 and thus:
B = Je _ Qg
Jutje QL+t

with Q the volumetric mass. Then, the homogeneous incident velocity U, is obtained by dividing the

total flow rate by the test section area. Then, it can be projected at the gap by with U, = U, %.

Moreover, the mixture can be composed either by one single fluid (like with pressurized water or
freon for examples), or like most of the time, by a simulant gas and a simulant liquid. Indeed, the
physical properties of the gas and the liquid have to be taken into account since they are
responsible of the two-phase regime, the size of the inclusions/interfaces or the slip ratio.
Consequently, in addition to the previous parameters of the phenomena in single-phase, a
characteristic size defining the liquid or gas inclusions is of interest since it has been shown that the
cylinder to bubble size ratio plays a role. Usually, the Eotvos, the Morton, the Weber, the
Richardson or the Capillary numbers are used to describe a two-phase flow, respectively:

Fo

_ BpgD® o guiBp o pUD L Ap(P—D)g Cap = F2Y%

2 53 2
o pio o G? o

In terms of two-phase flow regime in tube bundles, it depends on the geometric configuration and
also on how the two-phase flow is generated. Theses regimes are of primary interest when it comes
to characterize the flow-induced vibration.

3.4.1 In-line tube bundle

In square tube bundle, a lot of knowledge has been shared since the 70s, as can be seen by looking
at the review of literature in Table 6, 7 and 8. An extensive variety of configuration in square is
available in literature where the pitch ratio is most of the time between 1.4 and 1.5, the diameter
around 20 mm, and the mixture is often air-water due to its ease to use.

In terms of two phase flow, the main interest is the flow pattern which is defined based on visual
observations or with quantitative approaches with optical probes. Xu et al. 1998 [55] proposed a
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sketch of the different flow patterns in a square tube bundle in Figure 19. In Figure 20, pictures of
two-phase flow inside a square tube bundle are presented from:

e Ulbrich & Mewes (1994) [56], where an air-water flow is observed with a side view for
bubbly, intermittent and quasi annular flow;

e Murakawa et al. (2018) [57], where an air-water flow is observed in front view for bubbly
and churn flow;

e Fichet et al. (2022) [58], where a comparative study is performed between air-water and
air-ISL (improved simulant fluid - leading to a reduced surface tension and liquid density)
for an equivalent flow rate.

It is possible to notice that one is churn flow, while the other is still in bubbly regime. This is a first
illustration of the role that can be played by the choice of the mixture.

liquid liquid hgquid - hquid
fquid - fiqui gas film droplet
droplet film bubble bubble

..._.._
N_Se

OGO

(d)

Figure 19: Flow patterns accross a square tube bundle: (a) churn fow; (b) intermittent fow; (c)
annular fow; and (d) bubbly fow from [55].

(®)
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Figure 20: Examples of two-phase flow in a square tube bundle. Top, sides views from dispersed
to annular flow from Ulbrich & Mewes (1994) [56]. Mid: dispersed and churn flow from Murakawa
et al. (2018) [57]. Bottom: comparative study of the two-phase regime for two different liquid/gas

mixtures from Fichet et al. (2022) [58].

In fact, the flow pattern can significantly change the amplitude of vibration (i.e. the damping).
That’s why, different authors tried to derive a flow pattern or flow regime map based on superficial
velocities. For square tube bundles, a concatenated flow regime map is presented in Figure 21,
where data from Table 4 are presented. There are tube diameters from 9.79 mm to 30 mm, pitch
ratio from 1.25 to 1.80, but the mixture is still air-water for each reference. For the transition from
bubbly to intermittent regime, there is a correct agreement (especially around ji close to 0.1 m/s)
between most of the references (it is important to consider that the axis are in log-scale). For the
transition from intermittent to annular flow the range is larger. These observations are interesting,
for example [56],[59] and [60] used the same diameter and a similar pitch ratio. There is an
agreement for the first transition with low liquid velocity. However, for the second transition
results are quite different. The differences in the configurations of [56] and [59] are only the
number of rows according to the Table 4, and the method of determination. It is surely not the
reason for such discrepancies.
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Authors ngxny (-) D (mm) P/D (-) Fluids (-) Method (-)

Ulbrich & Mewes (1994) [56] | 5 x 10 12.7 1.50  Water/Air Visual observations

Xu et al. (1998) [55] 3x20 9.79 1.28  Water/Air Visual observations
Noghrehkar et al. (1999) [59] | 5 x 24 12.7 147 Water/Air  PDF of local void fraction

Hong & Liu (2010) [60] 4x 10 20.0 1.80  Water/Air Visual observations

Hong & Liu (2010) [60] 6x 10 12.7 1.30  Water/Air Visual observations

Murakawa et al. (2018) [57] 3x8 15.0 1.50  Water/Air Visual observations

Murakawa et al. (2022) [61] 3x8 18.0 125  Water/Air Visual observations
Piteau et al. (2022) [62] 3x5 30.0 1.50  Water/Air PDF of local void fraction

Table 4: References from literature with a two-phase flow regime map for square tube bundle.

One main discrepancy with reality is that the flow is at atmospheric pressure with a higher density
ratio and surface tension. If we take a look at the previous two-phase characteristic dimensionless
number, the shape of gas structure is consequently affected. With air-water, spherical bubbles and
gas structures can be larger and consequently their inlet size is of great interest. It depends on the
kind of mixer, and length prior to the first row. For example, in [56] and [59] they are respectively
200 mm and 300 mm after the mixer, and the characteristic size of the mixers is not given. They
used a flow straightener to avoid 3D effects, but their length seems a bit short to have a stabilized
diameter of bubbles. Especially when it comes to higher void fraction, where the discrepancies are
much larger on the flow regime map. Moreover, the number of rows is of primary interest when
studying the flow regime. The two-phase pattern does not have sufficient time to stabilize and
consequently the outlet also plays a role when the number of rows is low.

This last observation is mainly dedicated to square tube bundle since a large gas structure can easily
cross 3 rows by the in-line gap.

Square in-line tube bundles

Al —— Ulbrich & Mewes (1994)
e — Xu et al. (1998)
A 52 —— Noghrehkar et al. (1999)
10°3 i 7 —— Hong & Liu (2010), P/D=1.30

i g Hong & Liu (2010), P/D=1.80

!
] ’ .
/“I'"—l‘__/' ,/ —— Murakawa et al. (2018)
/ B i &

»
= . L e —— Murakawa et al. (2022)
= 7 R —— Piteau et al. (2022)
10714 . i A
;’ - ’I /l
l/ h : / /]
! X o —— Bubbly - Intermittent
I
,' 1’ ==-=-Intermittent - Annular
" Il | Transition zone Bubbly - Intermittent
i
1072 T T
107! 10° 10

Jg (M/s)

Figure 21: Flow regime map for air-water flow across a square tube bundle based on available data
from literature.

If most of the flow regime maps in square tube bundles are from air/water experiments, there were
also experimental tests performed with:

e steam/water from 5.0 to 58.0 bar [63, 64, 65, 66, 67, 68, 69, 70];
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e refrigerant such as R114, R12, R113, or R11 operating between 5 and 10 bar [71, 72, 73, 74, 75,
76,77,78, 79

e refrigerant for the gas and water for the liquid operating between 5 and 10 bar [80, 71, 81,
82];

e an “improved simulating liquid” and air such as [58] at atmospheric pressure.

These mixtures are compared in terms of density ratio, viscosity ratio and surface tension in Table
5. The respect of the viscosity ratio appears to be at the second order to influence the pattern
whereas the density ratio and surface tension might significantly affect the flow:

e thelighteris agas structure compared to the liquid, the more it will follow the liquid stream.
On the contrary, a reduction of the density ratio increases the role played by the gas in the
fluid stream;

e lowering the surface tension induces weaker gas-liquid interfaces and consequently lowers
the size of gas structures.

Regarding the use of a single gas-liquid component without any additional heat or two components
(one for the gas and one for the liquid), it is difficult to discuss these choices. However, regarding
the use of adiabatic condition with a given void fraction for the whole tube bundle instead of steam
generated at tube wall, Jatzlau & Mayinger (1989) [73] showed that it was conservative in terms of
vibration to not take into account heating tubes in square tube bundle for different homogeneous
void fractions.

Mixture Constituant P (bar) T (K) % ’/”—’, o(N/m)
Steam/Water | 45-70 Sat.  20-35 47.0 0.015 - 0.025

Air/Water 2 1 293 833 55.6 0.075
R13B1/Water 2 7-9 293 20-25 58.0 0.072
R116/Water 2 7-9 293 20-25 70.0 0.072
R114 ] 9 Sat. 20.2 14.9 0.006
R12 ] 10 Sat. 22 14 0.0067
R113 ] 9 Sat. 150 20 0.017

R11 1 175 Sat. 100 31 0.017

Table 5: Comparison of mixtures used in experiment in terms of physical properties.

Before that, first publications were mainly in air-water. For example, Heilker & Vincent (1981) [83]
proposed a sensitivity to the arrangement and to the inlet homogeneous void fraction. This study
is one of the first to show the effect of the void fraction on the amplitude of vibration. Then, Remy
(1982) [84] performed a similar investigation with a first time measurement of local void fraction
behind a row of cylinder to characterize the flow. The effect of the two-phase flow on vibration
was found in agreement with the works from [83] or [85].

In 1984, Axisa et al. (1984) [63] proposed a first comparison of flow-induced vibration between an
air-water and a steam-water flow at 25 bar. The two-phase damping appeared to be similar in both
mixtures but slightly higher in air-water for homogeneous void fractions over 90%. Fluid-elastic
instability was recorded with both mixtures. The work from Axisa and co-authors ([63, 64, 65]) is
the first highlighting a similar behavior in terms of damping between steam-water and air-water
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flow, but also one of the first to assess the effect of void fraction, and thus of flow pattern. Then
Boivin et al. (1987) [71] compared a two-phase flow with two non miscible fluids water/R13B1 with
a freon at adiabiatic condition in terms of flow. Moreover, they measured void fraction locally with
an optical probe when tubes are heated or not and highlighted that the main discrepancy was the
increased void fraction in the vertical gap area. Pettigrew et al. (1989) [86] proposed a comparison
of vibration response for different void fractions when there is a single flexible tube or all flexible
tubes. The critical velocity was found significantly lower with all flexible tubes. Moreover, they first
illustrated the role of the regime on vibration, since they found that continuous flow
(homogeneous bubbly flow) was in agreement with Connor’s formulation whereas the
intermittent flow was not. Cornwell et al. 1990 [74] compared an air-water bubbly flow and an
adiabatic R113 bubbly flow. They illustrated the discrepancies in terms of size distribution with some
large bubbles in air/water compared to many small bubbles on the other side. Ulbrich & Mewes
(1994) [56] proposed then a flow pattern map based on their own experiment and a review of

literature, which is still a reference today.
3 5 361
24
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Figure 22: a) (left) View of an air/water and (right) a R113 bubbly flow illustrating the discrepancy
in terms of size distribution [74]. b) Motion of 4 flexible tubes related to the void measured
simultaneously with an optical probe [75].

Serizawa et al. from 1994 to 1997 [87, 88, 89] studied the trajectories of bubbles for different liquid
velocities. They also illustrated the effect of the gap on the horizontal void fraction. It was also
finely studied by Mann & Mayinger (1995) [75] with two optical probes in between to see the shift
in void fraction between two rows. For the first time, they linked the local void distribution to the
vibration by performing simultaneously a void and a vibration measurement (see Figure 22).
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Figure 23: a) Slug speed versus gas flow velocity for a constant liquid velocity of 3.0 m/s with 0.1
MPa (rotated square), 0.5 MPa (square), 3.0MPa (triangle) and 5.8MPa (circle) b) Variation of
RMS excitation forces for a constant liquid velocity (3.0m/s) when increasing the gas velocity for
0.5 MPa (white), 3.0 MPa (white with small symbols) and 5.8 MPa (black) with in triangular and
circular symbols for drag and lift respectively [66, 67].

Nakamura et al. (1995) [66, 67] proposed an analysis of two specific two-phase flow patterns with
air/water, and steam/water for 4 operating pressures and their role on vibration. They analysed the
speed of gas slugs for different tests, it is consequently possible to link it to the excitation force on
tubes. In Figure 23, it is possible to see that by increasing pressure, the slug speed is reduced (thus
its size), as well as the RMS excitation force especially in drag direction. This work highlights the
role played by the size of gas structures at high void fraction on the excitation.

Delenne et al. (1997) and Gosse et al. (2001) [81, 82] proposed a comparison of vibration amplitude
functions of the position in the bundle for a single or 3x3 flexible tubes for few homogeneous void
fractions dedicated to be used to assess the stability of a SG tube bundle.

Then Caillaud et al. (2000, 2003) [90, 91] proposed a method based on an active control of the
vibration to determine the damping of a single flexible tube for velocities beyond the fluidelastic
instability for an air-water flow with different inlet void fraction.

Nakamura et al., Mureithi et al. and Hirota et al. (2002) [68, 70, 69] analyzed other test run with the
steam-water loop previously discussed. They showed that the tube inclination resulted in a slightly
higher damping. Moreover, damping was higher in the drag direction and decreased with pressure
in the lift direction. The inhomogeneous behavior of the flow for intermittent regime was also
described as a complicated phenomenon to model compared to homogeneous flow (bubbly flow).

Then, Feenstra et al.n (2003) [79] proposed another experiment with R11illustrating that there was
no obvious vortex shedding in two-phase flow. With a fully flexible tube bundle, the FEI was
observed whereas for a single flexible one it was not, demonstrating the coupling between
neighboring tubes.

Iwaki et al. (2005) [92] analyzed bubbly flow for low void fraction with a PIV method illustrating the
slip in square and triangular tube bundle between rows. In square, they analyzed the distribution
of void and velocity for two different bubbly regimes when bubbles were contained in the main
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flow or when for higher liquid velocity were entrained into the wake behind the tubes. The slip ratio
in the inline array was found larger than the staggered array, even if the difference remained low.

Then Sasakawa et al. (2005) [93] showed that fluidelastic instability occurs in air-water flow
whatever the flow pattern is. They illustrated similarities in vibration mechanisms for bubbly flow
with single-phase flow as previously mentioned, but not in churn flow. The main result is regarding
FEl in churn flow, which occurs when the Power Spectrum Density (PSD) of void (gas structure
passing) highlights a strong peak close in frequency to the natural frequency of the tube. For high
void fraction, the FEI is no more due to the statistic character of liquid flow but to the two-phase
flow dynamic.

Delaune et al. (2018) [94] performed an analysis of vibration in the drag direction of a flexible tube
depending on the number of flexible tubes around. They illustrated the coupling between different
tubes through PSD for various void fraction and velocities. No FEI was found during these tests.
Thus, in drag direction the two-phase fluid forces are not sufficiently high to destabilize the tube
until FEL

Fichet et al. (2022) [58] proposed a comparison of an air/water and an-other mixture with different
physical properties to illustrate the discrepancy in terms of void distribution around the central
tube, and also in terms of vibration.

Spina et al. (2022) [58] proposed an experiment dedicated to local characterization of the flow with
an accurate characterization of the inlet in order to derive more information on the onset of
instability in bubbly and churn flows.

3.4.2 Staggered tube bundle

For the triangular configuration, like for the square one, a lot of knowledge has been shared since
the 70’s illustrated by the present review of literature in Tables 6-8 and 10-12. For this configuration,
the two-phase pattern is thus different due to the forced modification of the flow trajectory with
geometry. Therefore, the gas structures and all two-phase properties are affected.
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Tube bundle characteristics

Experimental conditions

Authors Rows x Col. [ D (mm) [ P/D| Fluids | P (bar) | T (°C) Measurements
Pettigrew & 3x3 . .
& 9 , 1, Ay b . o8 »
Gorman (1973) [85] 333 12.9 1.47 ‘Water-Air 1 20 Strain gauges
Heilker & . accelerometer
g 5 ; Tater-Air -
Vincent (1981) [83] Ox8 19.05 150 Water-Alir Strain gauges
Remy (1982) [84] - - - Water-Air - - -
Axisa et al. : - ' Water-Air - - Gamma ray
(1984,1985,1988) [63, 64, 65] 610 19.05 144 Water-Steam 25 210 accelerometers & Strain gauges
Taylor et al.
Axgijgtg) al x3 30 1.50 Water-Air - - force transducers
(1998) [957 |
Hara (1987) [96] 1x5 25 1.33 Water-Air 1.00 20 -
Pierotti & 14x7
: 44 | Water- ; 2 _
Bussy (1987) [80] T~ 25 1.44 | Water-R13B1 T4 20
Boivin et al. 14x7 25 1.44 | Water-R13B1 7.5 25 Gamma ray
(1987) [71] 30 x5 9.5 1.44 | Freon R114 1 15 Optical probes
] PrBisupeiendnmakiders
Bmwgfp’flﬁgsﬁ) 2] 15 x 184 931 | 148 | Freon R114 | 894 | 7843
N Piezoelectric accelerometer
Visual observations
b:zlll;z;g Ft}';]ll' 27x 5 7.94 1.30 ‘Water-Air 1-3 10 Pressure gauges
Manometers
Petticrew ot al Visual observations
USSJDTIL)“IS;S' ;!'3] 8x5 13 147 | Water-Air 1 20
40 ’ Strain gauges
Jatzlau & 5x3 - . T, ST
Mayinger (1989) [73) %3 22 1.50 Freon R12 10-32 T sat Displacement transducers
(fggg)“[‘;;] 17x2 19.05 | 133 | Freon R113 1 176 Visual observations
Dowlati et al. 20x5 19.05 1.30 e Gamma ray densitometer
(1990} [99] 0 x5 o7 [ 175 | CeerAlr | LOLLSD ) -
Ulbrich & Differd&itdabpobssima tiamsducer
Mewes 8;; 1) [56] 0x5 127 | 150 | Water-Air | 1.01-1.40 | 20-30
Aewes . Pressure transducers
Visual observations
Svrlz(%gﬁt al. Electrical resistivity probe
(1995) 9x7 10 2.00 ‘Water-Air - -
(1097) [87, 88, 80] Hot-film probe
Pitot tube
. Optical probes
Mann & . .
Mayinger (1995) [75] 5x3 22 1.50 Freon R12 1 41
e Inductive displacement transducers
Haquet & . .
Gouh_a;ff“(‘l'gs‘gg) e 24 x4 931 | 148 | Freon R114 9 78 Bi-optical probe
Nakamura - ‘Water-Air 1 20 Strain gauges
0 y g
et al. (1995a,b) [66, 67] 205 19 142 Water-Steam 5-58 150-273
Visudloabserttstions
Dowlati et al. - . . .
(1996) [77) 20x 5 12.7 1.30 Freon R113 | 1.03-1.55 | T_sat Gamma ray densitometer
Differential pressure transducer

Table 6: References from literature with a two-phase flow in a square tube bundle Part 1.
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Tube bundle characteristics

Experimental conditions

Authors Rows x Col. | D (mm) | P/D Fluids P (bar) | T (°C) Measurements
Del ¢ al Visual observations
Fl’;g‘;‘; [eBl‘]j : 9x7 22 144 | Water-R13B1 | 7.45 25
Strain gauges
Xu ot al Visual observations
(1998) [,;] 20x 3 9.79 1.28 Water-Air 1-2 25
20 U-tube manometers
PDF of local void fraction fluctuations
Noghrehkar of = . y X7, . Y o Setivity DT
ot al. (1999) [59] 24 x5 12.7 1.47 Water-Air 1.00 22 Electrical resistivity probe
Gamima ray densitometer
Cailland Strain gauges

et al. (2000) 5x3 30 1.50 Water-Air - -

(2003) [90, 91] Accelerometer
Gosse et al. 9x 7 22 LA44 | . - I
(2001) [82] — 7 T Water-R13B1 7.45 25 Strain gauges

Soussan et al. , , . . .
(2001) [78] 40 x4 0.31 1.48 | Freon R114 9 78 Bi-optical probes
Inada et al. - N . . . -
(2002) 7 ] 11 x5 22 1.42 Water-Air - - Strain gauges

+ Tag&;‘;ﬂ[bm Void sensor probe

G 30x5 2223 | 146 | Water-Steam | 5-58 | 150-273

Mureithi et al. Sirain eauses
(2002) [70) Strain gauges
Hirota et al.

(2002) [69] ]
Feenstra Gamima ray densitometer
P 4x3 7.11 1.485 Freon R11 1.70 40
et al. (2003) [79) Optical probe
Visual observations
Mitra et al. . ) o . . P TR .
(2003) [100] 10x3 16 1.40 Water-Air 1 20 Gamma ray densitometer
Strain gauges
Twaki et al PV
(guor) [‘92]' 20 x 5 15 1.50 | Nal-Nitrogen 1 25-28
N Visual observations
Power spectra of local void fraction
fluctuations
Sasakawa - . e et A Electrical resistivity probe
et al. (2005) [93] x3 22 1.45 Water-Air 1 -
Strain gauges
Pitot tube

Chung & Chu 20x 3 12.7 1.633 . . Visual observations
(2006) [101] ] 37 [1633] Ater-Alr ! 20
Bamardouf Strain gauges

et al. (2009) [102] 10x1 38 1.32 Water-Air 1 20 -

Sadikin et al. Accelerometer
(2010) [103]

Hong & Liu 10x 4 20 1.80 . . . - o S
(2010) [60] %6 70 130 Water-Air 1-2 10-20 Visual observations

Table 7: References from literature with a two-phase flow in a square tube bundle Part 2.
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Authors Tube bundle characteristics Experimental conditions Measturements
Rows x Col. | D (mm) | P/D Fluids P (bar) | T (°C)
Delaune et al. - . - e . e .
(2011) [104] 5x3 30 1.50 Water-Air - - Piezoelectric force transducers
PDF of void fluctuations
Delaune et al. _ - . . e
i £ Vater- Air - - T e | a X
(2018) [94] Hx 3 30 1.50 Water-Air Sapphire bioptical probe
Strain ganges
Murakawa Visual observations
BN ¢ 5 50 20-25
ot al. (2018) [57] 8x2 15 1.50 Water-Air 1 20-25 -
X-ray radiography
Murakawa . . - . .
33 ‘ 25 Nater-Air 2 fisual abservations
ot al. (2022) [61) 3x8 18 1.25 Water-Air 1 22 Visual observations
Fichet et al. i . Water-Air 1.5 20 Visunal observations
(2022) [58] 48 x6 19 144 Improved Simulating 15 15
Liquid (ISL)-Air - ? Dual optical probe
Dual optical probe
Strain gauges
. High speed camera
?213]1;1;) C[tl Sl'] 5x5 30 1.44 Water-Air - - Accelerometer
N Wire Mesh Sensor
Accelerometer

Table 8: References from literature with a two-phase flow in a square tube bundle Part 3.

Kanizawa et al. (2016) [106] illustrate 6 different flow patterns for the present configuration.
Bubble regimes are different depending on the density and size of bubbles. For higher void fraction,
a chaotic classical pattern is observed: churn flow. The intermittent flow is also observed, it appears
when there are successive passages of gas and liquid. This regime is most of the time observed in
air/water flow, and might come from the inlet zone where large gas structures might occur and
accumulate at the inlet of the tube bundle. Finally, there is also for very high void fraction in the
annular flow where a liquid film is observed around tubes and liquid droplets in the stream.
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Figure 24: Side view of a disped flow in a triangular tube bundle from Kanizawa et al. (2016) [106]
and view of the test section from Darwish et al. (2023) [107] for a high void fraction.

Staggered tube bundles
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—— Murakawa et al. (2018)

—— Murakawa et al. (2022)
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Figure 25: Flow regime map for air-water flow across a triangular tube bundle based on available
data from literature.

Pictures of such kind of flow are available in their publication, but one is presented in Figure 24 with
another one from Darwish et al. (2023) [107]. The flow pattern is consequently also a concern in
triangular configuration. Few authors proposed a classification depending on superficial velocities.
Configuration and properties of the mixture are given in Table 9. Most of these contributions were
performed with air/water, but the contribution from Aprin et al. (2007) [108] was done with n-
pentane, propane, and iso-butane in order to have more realistic simulant fluids in terms of surface
tension and mass ratio. Regarding diameters, they are between 12.7mm and 38mm but most of
them are around 20mm. By taking a look at Figure 25, it is possible to notice that the different
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transitions from bubbly to intermittent and from intermittent to annular are very different. Thus,
the geometry seems to have a more significant effect on the pattern. The most significant result to
notice here is the reduced zone of intermittent flow with the fluids from Aprin et al. (2007) [108].
The use of boiling hydrocarbons allows in fact to reach a correct volumetric mass ratio and surface
tension. Their work was performed with 3 different fluids for different operating pressures. A PSD
of the void distribution was performed on each test to determine the regime. Based on all these
tests, they derived the present flow regime map, which is significantly different from air-water
ones. As for the square regime map, no clear conclusion can be derived from Figure 14, it highlights
the complexity to reproduce same behavior in terms of inlet two-phase flow in particular and
probably a significant role played by the geometric configuration (which was not the case in square
configuration).

First experiments were performed on similar loop mentioned in the square configuration section:
Pettigrew & Gorman (1973) [85]. They performed a first comparison of configuration, illustrating
FEI in most of them and some discrepancy in vibration regime depending on the configuration.

Like Weaver & El Kashlan (1980) [41] worked on the number of rows required to study cross flow-
induced vibration in tube banks, Kondo & Naka-jima (1980) [111] did a similar study based on air-
water flow for 3 pitch ratio with 7, 9, 13, 15 and 20 rows by comparing the bubble distribution. They
identified 4 two-phase flow patterns for triangular configuration, determined the minimum
number of rows in air-water for 3 pitch ratio, and highlighted the significant role played by the inlet
and the outlet which was reduced by a sufficient number of rows. Before that, a first description of
the flow pattern was done and given as a first map by Grant & Chisholm (1979) [112].

Heilker & Vincent (1980) [83] performed one of the first extensive work to compare vibration from
the first to the last rows for different triangular configurations in single-phase flow and one in two-
phase flow. They showed that FEI was possible for different void fraction and its onset was
different depending on the void.

Axisa et al. (1984 to 1988) [63, 64, 65], Pierotti & Bussy (1987) and Boivin et al. (1987) proposed a
work on fluids and their impact on the vibration. Their conclusions were similar in triangular
configuration as the square one.

Gay et al. (1988) compared with two loops the effect of the mixture on FEI onset, with air/water
and R13B1/water. They found for similar condition an early onset with R13B1/water, but similar one
when taking into account the density difference. Moreover, they highlighted different behavior of
the flexible tube depending on the choice of the support.

Conclusions from Pettigrew et al. (1989) [98, 86] were similar to the square configuration section.
In 1995 [9], they proposed a R22 loop to study the response of different tubes in a triangular tube
bundle in drag and lift direction. After 65% of void fraction, they highlighted a reduced onset of FEI,
authors found that it was due to a change of flow pattern; to the dependency of damping to the
void fraction, thus to the flow pattern; and to a reduced turbulent excitation in boiling freon
compared to air/water flow. Then, Taylor et al. (1996) [113] compared results from different air-
water loops in order to understand the behavior of the flow for various tube bundle geometries.
PSD of the excitation force was highlighted to be proportional to D*,whereas the effect of the pitch
ratio between 1.32 and 1.47 was demonstrated to be low. Moreover, for churn flow the effect of
mass flux or void fraction was low on the PSD in comparison to its significant effect for the bubbly
regime. This behavior was also reported by Pascal-Ribot et Blanchet (2005) or Benguigui et al.
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(2023) [114, 115] for a single cylinder. It appears that the PSD was unchanged for churn flow whereas
the change was significant before. It shows one more time the role played by the flow pattern.

At the same time, Feenstra et al. (1995) [116] proposed an analysis of their recent experiment in R11
compared to others in air/water and steam/water. Some discrepancies were found on the stability
threshold for different mass fluxes attributed to physical properties of R11. The critical reduced
velocity was found to be slightly dependent on the mass ratio whereas the effect was larger in
air/water. Flow pattern was found to be responsible of this change between the different analyzed
tests. Based on their void measurement, they assessed that it was not possible to remain on a
homogeneous void fraction with an assumption of no slip due to the high discrepancy between the
measured void and the homogeneous void. On the same test section, Gidi et al. (1997) [117]
analyzed the effect of surface boiling. The vibration amplitude was found to be reduced when
surface boiling appeared especially in the transverse direction. This was found to be probably due
to larger steam structures, thus to the flow pattern, when vapor is generated at tube surfaces.

Taylor et al. (2001) [118] proposed an analysis of void fraction and flow regime effect by coupling
void measurement. Void fraction is for example increasing along tube bundle whereas depending
on the flow pattern the liquid gas distribution behind a tube is not the same. Depending on the flow
pattern, they showed a significant dependency of mass and damping ratio with void fraction.

For the present configuration, one of the first quasi-CFD scale experiment was performed by
Pettigrew et al. (2005) [119] and Zhang et al. (2008) [120]. The objective was to characterize the
two-phase flow in terms of void fraction, size distribution and gas velocity. They used optical probes
in 4 different locations of a narrow triangular channel with probably wall effect (1 tube + 2 halves).
Two tests were presented, 50% and 80% of homogeneous void fraction (which seems very high to
have accurate results with an optical probe on the diameter and the velocity). Force was also
generated and were unexpectedly quasi periodic, which was probably due to the homogeneous
behavior of the flow with the gas streamed between cylinder with a very low slip.

Violette et al. (2006) [121] proposed an extensive work on two-phase flow-induced vibration in a
triangular tube bundle with an air/water flow for different repartition of 7 flexible tubes
highlighting the coupling between flexible tubes. They highlighted:

e the motion of a cluster of adjacent flexible tubes at the onset of instability for different void
fractions and the role of flexible adjacent tubes in the instability;
¢ no fluidelastic instability for a single flexible tube or a single flexible column of tubes.

Ricciardi et al. (2011) [122] showed that the normal configuration was more stable than the rotated
one, and found no FEI in drag direction. They observed with increasing void fraction very large
amplitude of vibration, their conclusions were that the local behavior of the flow was still not well
understood but surely responsible for this kind of phenomenon, due to void, size and gas velocity
distribution.

Sawadogo & Mureithi (2014) [123, 124] dedicated their experiment to enrich FEI model by analyzing
air-water quasi static lift coefficients for void fraction from 40% to 90%. For this range, probably for
the same regime, no significant discrepancy was found in terms of amplitudes. The unsteady force
in the lift direction was found to be a single valued function of the reduced flow velocity, which
differs from the conclusions from [70] (which was in steam/water with a different geometry). It
highlights again the complexity of these flows and the role played by physical properties in the flow
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pattern and thus in the fluid excitation. The same apparatus was then used to study streamwise
fluidelastic instability in Olala & Mureithi (2017) [125].

Deri et al. (2014-2018) [126, 127] proposed a water-R116 triangular tube bundle with a cell of g flexible
tubes able to be at the inlet, exit or middle of the tube bundle. No FEI in drag direction was found
neither for lift direction with a single flexible tube above 40% of void fraction. Flow pattern
influence was probably seen in the critical reduced velocity since its evolution was recorded to be
dependent on the void fraction. Modes of vibration were highlighted before and at the onset of
instability to show the coupling between tube displacements. It was found that the most
responding mode at incipient FEI is always the same for all the explored void fractions.

Kanizawa & Ribatski (2016) and Alvarez-Briceno et al. (2017, 2018, 2023) [106, 128, 129, 130] proposed
an air-water triangular tube bundle with a fine description of flow patterns based on a pressure
drop analysis. Bi-stability was observed for intermediate liquid velocities and low gas velocities. This
phenomenon is related to the fact that the flow is similar to a liquid single-phase flow for these
conditions. They proposed transition law which agreed well on their tests but also on the flow-
regime map from [56] (in square arrangement) and others. After that, the vibration response in
drag and lift was studied. In terms of hydrodynamic mass and damping, results were in agreement
with the reviewed literature excepted for the highest two-phase damping, which was found for
low void fraction (around 30%). Moreover, vibration amplitude of a tube subjected to high mass
velocity but low homogeneous void fraction was found to be lower than when subjected to low
mass velocity but high homogeneous void fraction illustrating one more time that flow patterns
play a significant role in tube vibration.

More recently, Lai et al. (2019-2022) [131, 132, 133, 134, 135, 136] proposed an extensive work on the
relation between critical reduced velocity and void fraction.

Authors nyxn, (-) D (mm) P/D(-) Fluids (-) Method (-)
[ Grant & 7x11 19.0 125  Water/Air Visual obser-
Chisholm (1979) vations
[109]
Noghrehkar et 9x 26 1257 1.47 Water/Air PDF of local

al. (1999) [59] void fraction
n-pentane

Aprin et al 5x 18 19.05 1.33 propane  PDF of local

(2007) :lli\: iso-butane void fraction

Kanizawa et al. 7x 20 19.05 1.26 Water/Air Mieual ul;wr\';:nf;u\

NNty k-means clustering

(2016) ‘l”(lv

Murakawa et al. 7x8 15.0 1.50 Water/Air Visual obser-

(2018) [57] vations

Murakawa et al. Tx.5 18.0 1.25 Water/Air Visual obser-

(2022) i(jl: vations

De Kerret et al. | 2.5 x 66 38.0 1.50 Water/Air PDF of lo-

(2017) [110] cal void frac-
tion Pressure

Fourier trans-
form

Table 9: References from literature with a two-phase flow regime map for triangular tube bundle.

Piteau et al. (2022) (drag) and Panunzio et al. (2022) (lift) [62] proposed an experiment to study the
FEI onset for different configurations of flexible tube in the bundle. For cross-flow FEl, a higher
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Connor’s constant was found, and the FEI above 30% of void was also found to appear for at least
2 flexible tubes. Regarding in-line FEI, it was found to not occur with 2 to 7 flexible tubes. They
highlighted that streamwise instability might occur only through the vibration coupling of tubes.

Darwish et al. (2023) [107, 137] performed a similar experiment on a more confined tube bundle and
got similar results: no FEI for a single flexible tube in the streamwise direction, or for void fraction
above 30% for transverse direction. With fully flexible tube bundle, the conclusion on the Connor’s
constant are however different in both directions.

The present review of literature on two-phase flow-induced vibration in tube bundle is probably
not complete due to the very high number of contributions in the field. The evolution of the interest
over the years is illustrated in this section, however the need to study locally two-phase flow
appears to still be of primary interest to understand discrepancies between similar experiments, to
understand better the role played by simulant fluids. Some authors tried to address this point ([84,
119, 105] for example) by giving a local distribution, however the confinement increases the
difficulty to have measurements. As mentioned by [122], a concrete understanding of gas
structures in the flow is needed to describe FEI mechanisms in two-phase flow, therefore having a
single point of void measurement as often proposed is not enough. Local scale simulation, so CFD,
could help to reach this objective, by detailing void distribution, size distribution, gas velocities, and
if possible the motion depending on local fluid behavior such like [75]. This is one of the main
objective of the European project GO-VIKING to improve CFD models with a local-scale validation
in order to better address the behavior of two-phase damping.
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Authors Tube bundle characteristics Experimental conditions Measurements
Rows x Col. | D (mm) | P/D Fluids P (bar) | T (°C)
Sutherland & 5x3 . - . o
Murray (1969) [138] (7 tubes) 19 Water-Air 1.15 3-11 Visual observation
Grant & Murray 11x7 - . A - . e S
(1972) [139] (39 tubes) 19 1.25 Water-Air 1.03-1.65 4-20 Visual observation
Pettigrew & ax7
(13 tubes) 12.9 1.47 Water-Air 1 20 Strain gauges
. 7" r
Gorman (1973) [85] < F
(13 tubes)
Grant & 11x7 - E . . o
Chisholm (1979) [112] (39 tubes) 19 1.25 Water-Air 1.00 20 Visual observation
Kondo & 1.08 Visual observation
Nakajima (1980) [111] (7Tto20)x5 25 1.98 Water-Air 1.20 18-20 Pressure
transducers
1.40 Manometers
Heilker & 5x9 22 1.36 o Biaxal pleme}e?“””
Vincent (1981) [83] Water-Air 1 20 accelerometer
) 9x ¥ 19.05 1.50 Strain gauges
Axisa et al. Water-Air 1 20 (li’:::::‘ilfl;\:—‘\;%
(1984) [63] _ —
7x19 - Biaxial piezoclectric
19.05 L accelerometers
Axisa et al. Water 25 210
(1985) Strain gauges
(1988) [64] [65] 11x 11
Pierotti & - 1A e )
Bussy (1987) [80] 14x 7 25 1.44 | Water-R13B1 7.4 20
- Optical probes
Boivin et al. 20 x5 25 144 | Water-R13B1 | 7.5 25 Gamma ray
(1987) [71] .
densitometer
Pressure
transmitters
Gay et al. . . ) Water-Air 1 20 Piezo-resistiv
(1988) [140] 19 10 M SSaterRri3BI 7.5 25 accelerometers
IETSIT:
10x 11 13 1.32 Visual
Pettigrew et al. ) A observations
(1989a.b) [98, 86] 10x 11 13 1.47 Water-Air 1.00 20 Strai s
10x 6 13 1.47 DAl BAUEES
. Gamma ray
. [ [ g
Dowlati et al. x5 19.05 130 Water-Air 1.01-1.80 20 densitometer
(1992a,b) [99] Differential
E - 4 e -
20x5 127 e pressure transducer
Serizawa et al Visual
B O9x7 10 2.00 Water-Air 1 20 observations
(1994) Electrical
(1995) 1‘(‘si<:;ti'\-'it\-'
(1997) [87, 88, 89 o ;
probe
Hot-film
probe
Pitot tube

Table 10: References from literature with a two-phase flow in triangular tube bundle Part 1.
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Tube bundle characteristics

Experimental conditions

(2014) [126]

Authors Rows x Col. [ D (mm) | P/D | Fluids | P (bar) | T (°C) Measurements
Pettigrew ) . _ ) . o
ef al. (1995) [9] 11x6 12.7 1.50 | Freon R22 10 23.3 Strain gauges
Taylor et al. AT et
(1995) [141, 113] 6 x 10 127 | 150 | Water-Air 1 20 Strain ganges
Displacement probes
Janzen et al.
(2005) [142] Piezoelectric
force-transducer
Visual
Feenstra observations
e Tx4 6.35 1.44 | Freon R11 L.70 40
et al. (1995) [116] Optical light
probe
Joo & Dhir 5x 7 22 1.40 i . .
(1905) [143] T 537 130 Water-Air 1.4-1.9 Strain gauges
Noghrehkar - - s . PDF of local void fraction
et al. (1999) [59] 26 x 5 12.7 1.47 | Water-Air 1.00 22 Gamma ray
Taylor & o
Pettigrew (2001) [118] | 11x6 127 | 150 | Freon R134a | 10 30 optical probes
Pettigrew ) o I
et al. (2002) [144] 7.40 34 Strain gauges
Pettigrew optical probe
et al. (2005) [119] 13x1 38 1.50 Water-Air 1 20
Zhang ct al. Strain gauges
(2008) [120]
Twaki et al. - - . - PIV
(2005) [92] 20x7 15 1.50 | Nal-Nitrogen 1 25-28 Visual observations

Violette et al.

(2005) 13x3 38 1.50 Water-Air 1 20 Strain gauges
(2006) [145, 121]

Chung & Chu - . N Visual observations
(2006) [101] wx5 127 1633 | Water-Air ! 20 Strain gauges, Accelero.
Aprin et al n-pentane 0.2-0.5 T _sat
62?)07) [IUSj 18x 3 19.05 1.33 propane 6-12 Tsat | PDF of local void fraction

iso-butane 4-6 T sat

Pettigrew & . . - . . I

Taylor (2009) [146] 6x 11 12.7 1.50 Freon R22 12-20 23.3 Strain ganges
T Strain gauges
(5;(.;1;5) '“[tl j;,] 20x9 175 | 142 | WaterAir 1 20
Accelerometer
Ricciardi . . .
, 5 Vater-/ ? ? St s
ot al. (2011) [122] I9x7 38 1.50 Water-Air Strain ganges

Sadikin et al. o e A . Gamma-ray
(2014) [148] 2x7 19 1.32 Water-Air 1 20 densitometer
Deri et al. 22x9 1905 | 144 | Water-R116 | 08 20 Strain ganges

Table 11: References from literature with a two-phase flow in triangular tube bundle Part 2.
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Tube bundle characteristics

Experimental conditions

Authors Rows x Col. | D (mm) | P/D | Fluids | P (bar) [T (°C)| ieasurements
Visual observations
Kanizawa & . . .
2 5 p Nater-/ -means cluste
Ribatski (2016) [106] 20 x 7 19.05 1.26 Water-Air 1 20 k-means clustering
method from pressure
drop and capacitance
Sawadogo & I transducer
Mureithi (2014a,b) [123, 124) 13x3 a8 150 | Water-Air 1 22 oree transaucet
Olala & Strain eauges
Mureithi (2017) [125] ramn gauges
PDF of
de Kerret local void fraction
et al. (2017) [110] 21/2 x 66 38 1.50 | Water-Air 1 20 Fourier transform
Optical probe
Isotropic and
. . \ . = ] agr DL - i, o Im 2 9
Azuma et al. 156 x 6 9.53 1.33 Ethanol-SF6 6.8 a0 4uu:,nt.l.npl( beams
Strain gauges
(2018) [149] 126 x 6 9.53 1.33 Accelerometers
Tan et al. . : ) . e s )
(2018) [150] 15x 7 17.48 1.48 | Water-Air 1 20 Strain gauges
Murakawa _ _ . N . _ Visual
et al. (2018) [57] §x 1 150 | Water-Air ! 20-25 observations
Lai et al. 15x7 12 1.40
(2019a) [131] X-ray
Lai et al. Water-Ai <16 20 Strain cauges
(2019b,c,d) [132, 133, 134] 15x7 1745 | 1.48 aterar T gAanges
Lai (2019)
Lai et al.
(2020) [135]
Lai et al.
(2022) [136]
Murakawa - . Y . Visual
et al. (2022) [61] Txd 18 125 | Water-Air ! 22 observations
Strain gauges
Piteau et al. - . . o . \ .
(2022), Panunzio et al. [62, 151] 20x 5 30 1.44 | Water-Air ? ? Sapphire
' ' e bioptical
probe
Darwish 9x9 1.64 | Water-Air 1 20 -
et al. (2023a) [107] ’ )
Darwish - ; . e e )
ot al. (2023h) [137] 7x9 1.33 | Water-Air 1 20 Strain gauges

Table 12: References from literature with a two-phase flow in triangular tube bundle Part 3.

3.5 Numerical simulation review of flow-induced vibration in tube

arrays

To be of interest to study single and two-phase flow-induced vibration in tube bundles, the use of
numerical simulation remains a tough challenge since the problem is highly turbulent, whether

single or two-phase, coupled or not with potentially many flexible tubes.
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3.5.1 Numerical simulations for single phase flow configurations

Table 13 provides representative CFD computations of the flow though tube arrays with or without
FSI.3 [152] uses a Scruton equal to 10.

When a (*) is used in the columns giving L. and H, that means that periodic boundary conditions are
used in the corresponding directions. Sma/D is the maximum computed displacement relative to
the tube diameter. The upstream and downstream lengths used in the computations are not
specified. However, the reader can refer to the corresponding reference. The references given in
the column ”Computational Data vs. Experiments” indicate the experiments which have been
utilized to evaluate CFD outcome. They are not all detailed in the previous tables. We start here by
the numerical simulation of fixed tubes then we give some outcomes of computations using FSI.

[153] and later [154] tested several turbulence models: LES, LP k- [155],®-f[156] , k-w-SST[157],
SSG[158] and EB-RSM[159] on a square in-line configuration. For URANS approaches, both eddy-
viscosity models and second moment closures were used. Only the computations assuming
periodicity in the three directions of space by varying the number of patterns are considered here.
The flow pattern taken by the fluid differs according to the treatment of turbulence and for P/D <
1.6 the mean flow is not symmetrical (this has been already observed in [160]). The interpretation
for that is that the flow seeks the path of least resistance and "travels” diagonally. Almost all the
URANS approaches were unable to mimic the periodic flow at P/D =1.6. The authors concluded that
in order to use the concept of wall functions, advanced ones, incorporating more physics, have to
be used. They also concluded that 2D extrusion in the span-wise length is sufficient for P/D = 3.2
with LES. This latter gave pretty good results on the configuration P/D = 2.

Simonin and Barcouda experiment [40] has been widely used for CFD validation. [161] performed
LES and 2D and 3D URANS computations of [40] configuration. It was shown that the LES results
on a fine mesh are comparable to a DNS (this has been already stated by [162]) and experiments
and reasonable agreement is still achieved with a coarse mesh. The URANS also produced
satisfactory results in 3D but showed no advantage over the LES when the grid was coarsened. The
2D URANS, which produced strong vortex shedding, was found to be physically unreasonable.[163]
complemented the experiments with DNS computations on restricted and wider domains for both
(1.46,1.46) and (2.12,2.12) (see [164]). [165] also performed computations for this configuration with
inlet/outlet conditions and much more tubes. They concluded on the ability of LES to correctly
predict the staggered configuration (the spanwise length was equal to 5D for P/D = 1.46). [166]
performed similar computations but compared the mean and fluctuating velocities to the
experiment of [49]. [167] performed also Very Large Eddy Simulation (VLES) with TransAT code on
[40] experiment and showed that even with a coarse mesh the results remain satisfactory. [168]
performed Lattice Botzmann Method (LBM) and found encouraging results. [169] performed 2D
URANS computations on this configuration using [170] LRN k-€ turbulence model with local
refinement. They modeled 2 tubes in the transverse direction using periodic boundary conditions.
The results of the computations were surprisingly good. [171] and [172] performed various 2D
steady and unsteady RANS (URANS). They concluded that the steady RANS were marginal to poor.
The URANS results showed that the simulations reproduce a dynamic characterized by transverse
oscillatory flow structures in the near-wake region and obtained finally better agreement with the

3Barsamian and Hassan (1997) performed ther simulations are reported but we mention here the most
important one. Schréder and Gelbe (1999) used velocities from 1.1 to 2.2 m/s.
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experimental data. The fact that 2D steady RANS do not give satisfactory results has been
confirmed by [173].

[174] showed that using LES the velocity distributions obtained in the simulations were in good
agreement with the experimental data. Fluctuations in the force coefficients were characterized
for each arrangement and found to be directly proportional to the turbulence kinetic energy
upstream of each cylinder.

Note that, for LES computations we should notice a quite low number of grid-points in the span-
wise direction.

There are less references with FSI. No one-way coupling is mentioned and all the details (inner
iterations) concerning the two-way coupling are not mentioned. Note that almost all the
simulations found in the literature use a mass-stiffness-damping equation (called mass-spring for
sake of clarity) with an ALE (Arbitrary Lagrangian Eulerian) method. [175] used a non-liner k-e model
on a normal triangular configuration at P/D = 1.25 with fairly coarse meshes. The tube bundle was
flexible. The experimentally determined critical velocity by [176] seems to be higher than the
computed velocity for the onset of FEI.

[177] performed 2D URANS numerical simulations combined with ALE. The predictions of the phase
lag were in reasonable agreement with the experimental measurements for the range of reduced
velocities Upd/faD = 6 to 7. [178] also performed 2D URANS simulations but with a cut-ghost cell
method (close to an Immersed Boundary approach). They concluded that they obtained good
r.m.s. of a single tube displacement in the cross-flow direction.

[179] performed quite large computations (at that time) using LES and ALE method. The spanwise
length was better resolved than in the previous works but still not enough if one considers the
needed non-dimensional distance to the wall in the spanwise direction. The consistency of the
calculations has been demonstrated by comparing the numerical data to the experiments found in
[25] in terms of tube amplitude and frequency of motion, for various gap velocities. [180] continued
the efforts and made similar computations but by moving 3 x 3 cylinders and compared to the
results to [181].

[182] perfomed several 2D computation using Spalart Allmaras [183], kw [184], kw-SST [157], OES4,
k-€ and k-w and OES-DDES(Delayed Detached Eddy Simulation.) [185], [186]. The onset of FEI is
predicted for different structural parameters, mass-damping ratios and reduced velocity. The CEA-
DIVA configuration [187] was used for comparisons. Both static conditions as well as vertical free
motion of one of the central cylinders are considered. The turbulence motion has been captured
by means of URANS and DDES modelling. The FEI of the central cylinder of the array and the phase-
lag between the vertical oscillation’s displacement with respect to the forces have been assessed.
Similar conclusions can be found in [188] who performed 2D URANS computations on a normal
triangular configuration.

4Organized Eddy Simulation
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amplitude trend and spectra of the simulation were basically consistent with that of the
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experiment. Simulation accurately captured the onset of the vortex-induced resonance and the
transition from the vortex-induced resonance to the FEI. However, they obtained large
overestimation of vibration at the highest velocity, which corresponds to a lower critical velocity.

[190] recently performed several 3D URANS computations figuration found in [25] (same damping-
mass ratio). They found a global underestimation of the critical velocity and a strong dependency
on the turbulence model.

In order to conclude, Large Eddy Simulation and hybrid models seem to be a reliable option to
perform FSI computations with a two-way coupling using ALE. In some configurations, even coarse
LES seems to be sufficient. The feedback for hybrid RANS/LES is less important than for LES. There
is a consensus about RANS; the predictions of the fluid flow seem to be poor. Finally, for the URANS
approach, almost only 2D computations are reported. They seem to give somehow satisfactory
results concerning the prediction of FEI but more fluid flow analysis is still required in order to
assess their ability to predict such phenomenon. The 3D URANS computations are scarce but show
different results when compared to the 2D ones. Note that the effect of inlet turbulence has not
been apparently studied in the literature using CFD.

3.5.2 Numerical simulations for two-phase flow configurations

Due to the more recent development of two-phase flow numerical modeling, only few authors tried
to address two-phase flow-induced vibration in a tube bundle.

Benguigui et al (2016,2017) [200, 199] proposed a numerical CFD model based on an Eulerian-
Eulerian approach to simulate multi-regime two-phase flow in a tube bundle with a second order
URANS turbulence model. They highlighted that a dispersed approach was not able to reproduce
the void distribution correctly in an inclined tube, whereas the approach combining dispersed gas
and continuous gas was. A comparison of behavior was done by changing the physical properties
of freon/freon to air water in order to have a look at the size and void distribution (see Figure 26).
The simulated tube bundle was inclined, thus the size of gas structures, larger in air/water, was of
primary interest and therefore the results were significantly different in terms of void distribution
and size. A discrete forcing method [201, 202, 203] was also used to simulate the free motion of
rigid or deformable tubes in a square tube bundle [204] where promising results were shown, able
to reproduce phenomena observed in experiment.

Sadek et al. (2018, 2020, 2021) [205, 206, 207] proposed a different CFD based methodology to
predict the unsteady fluid forces in a parallel triangular array subjected to two-phase flow with the
two-phase flow modeled by the mixture model, drift-flux model, and the interfacial area
concentration concept. The numerical model was used on published cases of literature and had a
correct agreement in terms of force. The authors used the present model to study the influence of
the pitch-to-diameter ratio on the onset of streamwise FEI and the attack angle of the flow. Itis a
first demonstration on how a local scale numerical model can be used to enrich our understanding
of FIV phenomena.

The present review of literature in terms of numerical simulation of two-phase flow-induced
vibration demonstrates the need to have a validated CFD model able to reproduce experiments to
help in the understanding of two-phase FEI-phenomena. It implies to have a numerical model able
to simulate all the flow pattern since it is responsible of the two-phase damping.
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Instantaneous, Time-averaged, Instantaneous, Time-averaged,
NS plane NS plane WE plane WE plane

Figure 26: Numerical prediction for an inclined tube-bundle with freon/freon (top view) and
air/water (bottom view). Instantaneous and time-averaged void fraction are present in the NS and
WE planes [199].

3.6 Summary

In nuclear power plants, the heat from the primary loop is used to boil water in the secondary loop.
Thanks to a tubular heat exchanger, known as a steam generator (SG), power is transferred from
the primary to the secondary loop. The resulting steam is dried before entering the turbine through
swirl separators and steam dryers. In a nuclear Pressurized Water Reactor (PWR), there are 2 to 4
SGs. Their height might be up to 20 m and weight as much as 500 tons. A typical tube bundle is
composed of 3000 to 16 000 U-tubes with a diameter of approximately 20 mm for French SGs.

In a PWR recirculating SG, the primary loop flows through thousands of U-shaped tubes with a tube
sheet at the bottom and U-bends at the top of the tube bundle. At the top, two-phase cross flows
occurs whereas it is single-phase at the bottom. SG integrity is extremely important both for
economic and safety reasons as degradation over time might occur. It might result from multiple
phenomena. The present chapter is motivated by one of the main ones: flow-induced vibration of
heat exchanger tubes. The authors propose a literature review on the experimental and numerical
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contributions at a local scale in terms of flow and vibration; thus analytical models are not described
and commented in the present work.

According to Price (1995), three main categories drive flow-induced vibration in single-phase flow:
Tubulence-Induced-Vibrations (TIV); Vortex-Induced-Vibrations (VIV); and Fluid-Elastic Instability
(FEI). Vibration regimes are clearly highlighted in the published experimental data with fluid-elastic
instability being the most violent regime for a structure since it might cause high amplitude
vibrations.

The present chapter proposed areview of the experimental and local scale numerical contributions
on single and two-phase cross-flow-induced vibration in tube bundles. First, the phenomena are
described based on the available literature. Then, single and two-phase experimental contributions
are listed and commented. Finally, the local scale numerical contributions are described, especially
in single-phase flow, since the two-phase part is still a complex and new topic in literature.
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