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Preamble

Preamble
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Thermo-mechnical modelling and dubility analysis of welded heat exchang

For several years, the part aie simulation in the industrial environment tbeenactually always
increasing A large panel of dmains is concerned iaeronautic, automobiler energeti. Numerical
simulation is usedat severalstages of the industrial product design ananufacturing proces
validation. It involves variousioftware technologii whoseinterest during the¢product developme

cycle can be actually multiple:

- the innovation and thiedustrial competitivene,

- the improvement of thproducts quality and secur

- time and costs cutting comparison with the prototypes manufacturing,
- the opportunity to inveigate original solutions during the desphase,

- the supply of argumenfor the product use specifications to the cust.

In this context, Alfa Laval Viarb, world leader asvelded plate heat exchger manufacturer, has
initiated an extension of these of the heat exchangers produced to merkets. The loading
conditions in terms of temperire fields have a larger magnitude and reliat of the product neec
to be warrant, or at least evated. The present work contribute to this a:ll as aims at gainin
insight on the heat exchangeechanical response to shape its future dediga.unit is designed t
work during long timesgritical loadingsoccur when a shut down and a netart up are necesss
mainly for maintenance operons. The expected issue of this PhD proje@ts thus tcdevelop a
numerical methodologgllowing from input data as fluid temperaturegive a orresponding life tim
of a givenwelded heat exchalel before failure Actually, it is necessary to (e accurate advises
the customer about the maxir fluid temgerature generating damage as latipossible. In the san
way, this could allow tgrovid= some recommendations or at least usefulmatior concerning a

possible better redesignin§the structure

In order to reach this goahe first main stac consists in the thermmechancal description of the
welded heat exchanget the nacroscopic sce using the FEMby ANSYS scftware. Composed of
thin rolled plates constituted 316L stainless steel, the model should be abrepresent thermal al
mechanial response of a unit operating conditionsThus, themechanical proerties of the materi
have been carefully identifieue to its industrial application, the model yld also respect some
basic rules as mesh optimisiion faced to the large volie of the structurelt is then needed to
parameterize this lattdo pernit an easy adaption of some important parers depending on tl
kind of exchanger involved.he determination of thermal fields representatif the loading working
on the unit inoperating conditins is finally performed in both design officesAlfa Laval Lund AB

(Lund, Swedenfjor future appliations.

The second stepf the study vill permit to establish a damage criter directly applicable to th
previous numerical responsétbe exchangt for simple experimental configation:. To this end, a

realistic elastiglastic constittive law for repeated loadings characterbn is necessary. |
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General Introduction

identification is performed and the response ofrtfaerial for various case studies reported. Th& h
helped in designing the experimental test for deniification of the fatigue criterion. The values
obtained are in agreement with available data e literature. A mythology is then provided to
combine the results from the stress distributiasgthe structure together with the estimatiothef

local plastic strain amplitude value. This latteill iinally allows a prediction of the exchanger

lifetime when subjected to thermal cyclic loadinigough the identified fatigue criterion.

This manuscript has been divided into three pantChapter 1, the company Alfa Laval and the
industrial context of the study is presented. Ammaart is devoted to the analysis of the welded hea
exchanger design under consideration in this st8dyne cases for which failures have been observed
in bench tests in different units are then report&tie investigations localises the regions
corresponding to large stress concentrations in hibat exchanger. The next step consists inn
introducing a damage analysis by borrowing a oljgbc fatigue criterion in the literature and
identifying the parameters for the material undersideration. A rapid literature survey about teath

exchanger failure analysis is given to situatecibrgext of the study.

The finite element model construction of the heatheanger at the scale of the structure has been
carried out in a step by step approach in Chapterdin several assumptions verified experimentally,
the thermo-elastic response of the heat exchangageruuniform thermal loading has been firstly

investigated. The region of the exchangers wheeestress concentrates has been identified. Two
thermo-mechanical tests have been performed tdatelithe thermo-elastic description of the heat

exchanger.

In Chapter 3, the elastic-plastic mechanical respaf the 316L steel is identified, which exhilats
combined isotropic and kinematic hardening. An gnpequivalent method is proposed to estimate the
magnitude of the equivalent plastic deformatiomrfrthe analysis at the level of the structure. This
estimation is used to predict the exchanger libenfra Manson-Coffin criterion identified in the low

cycle fatigue regime. The prediction is finally qoaned to experimental data.

Introduction-3
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[. STATE OF THE ART

In this chapter, the company Alfa Laval as wellthe industrial context of the study is firstly
introduced. A main part is devoted to the analpdithe welded heat exchanger design about to be
studied. The next step of this part then introdutesinvolved damage mechanics in the reported
failure cases as well as the material propertiesieg for the study. Finally a literature review @bo

the heat exchanger failure analysis is given teag#t the context of the study
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1.2. Alfa Laval Group

Gustaf de Laval (cf. Figure I.1) and his partnesc& Lamm, founded the company AB Separator in
1883, six years after the beginning of his workiles development of a centrifugal separator and four
after its first demonstration in Stockholm. In 1886 world’s first continuous separator using afaAl
disc technology is introduced in order to manufextthe first Milk pasteurizer. The first French
Subsidiary of the current Alfa Laval Company calfd Société des Ecrémeuses Alfa Laval” is
founded in 1907 by H.H Mac Coll. Until 1938 the queny developed different kind of separator,
particularly for farm’s application and oil puriiion. Nevertheless AB Separator already introduced
its first heat exchanger the same year. From ftime,tLund has become the development and
production’s centre of heat exchangers. It is aml$963 that the company changed its name to Alfa-
Laval. In 2008, the group represents 20 producsibes and almost 11500 employees around the
world (with more than 800 in France). In 1998, Alfaval acquired Vicarb based at Le Fontanil and
Nevers in France, and Packinox based at Chalo&aone in 2005. Those two companies are

specialised in the fabrication of welded plate leahangers.

Nowadays, the Alfa Laval group develops three leeyhologies in the world market, namely the heat
transfer the separation and the fluid handling. top3% of sales are today invested annually in
Research & Development and from which the compaay suggest technological solutions in
different applications area such as:

- energy,

- environment conservation,

- food and water supplies,

- Pharmaceuticals.

Figure 1.1 - Gustaf de Laval / Old heat exchanger model

The project being focused on the heat exchangexbilily analysis, the next part particularly deals

with the presentation of their structure and fumrdiities.
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|.3. Generalities aout heat exchang:

Heat exchangers have a le industrial scope (energyetroleum indust/, transportation, a
conditioning, refrigeration, crygenic, heat recovery, alternate fuels, etc.)hey can be used the
day to day life of everybodsuch asthe car conditioning or the heater in tieuse

[.3.1. Global functionality

Typically, the major role of a 2at exchanger is to transfer an internal thertux Q between two c
more fluids at different tempetures. In principle, the fluids are separatedh heat transfer surfa
which avoids the fluids to mitogether (cfFigure I.2)and allows both med to exchange heat |

conduction.

Figure 1.2 - Definition of the thermal exchange notion

Fluid
distribution

Figure 1.3 - Current welded plate heat exchanger
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[.3.2. Design description

A classical heat exchanger consists of the asseofbtwo main parts such as a core or a matrix
containing the heat transfer surfaces and fluidridigion elements (as headers and tank, inlet and

outlet nozzles and pipes for instance, cf. Figugg |

Generally all the components of an exchanger amedfiexcept for particular cases such as rotary
generator (in which the matrix is able to rotate)all cases, the fluids are in contact with trengfer
surface permitting the heat to be transferred ftioenhot fluid to the cold one. As a consequena®, th
fluid becomes hotter or colder, wins or loses epefdperefore it is clear that the exchanger efficie

strongly depends on its exchange surface.

[.3.3. Heat exchanger classification in the market

Industrial heat exchangers are classified accordirtifferent aspects and criterion which are giiren

the paragraphs below.

1.3.3.1. Classification according to the heat exchangers tgs
It concerns the global geometry of the heat exchgmghich can be classified into four main parts:
- Tubular heat exchangers (double pipe, shell ang, ediled tube),
- Plate heat exchangers (produced by the Alfa Lanalm),
- Extended surface heat exchangers (fin-tube, theeh

- Regenerators (fixed matrix, rotary).

Alfa Laval Group mostly produces plate heat excleasnglassified in three groups:
- Gasketed plate heat exchangers,
- Spiral heat exchangers ,

- Welded plate heat exchangers which are considartids study.
.1.1.1. Classification according to transfer process

Two types of thermal transfer are distinguished:
- Anindirect contact type (direct transfer type rage type, fluidized bed),
- Adirect contact type (the two fluids are note sapaby a wall).

The project deals with thedirect transfer type exchangers in which theregésmtinuous flow of the
heat from the hot to the cold fluid through a sapag wall. The fluids’ mixing is prevented by

separated fluid passages.




Grenoble)INIP

/

Thermo-mechnical modelling and dubility analysis of welded heat exchang

-flow

emern

Thermal path
directed by baffles

Figure 1.4 - Thermalpath inside th exchanger core through a crdksw arrangemel
1.1.1.2. Classiftation according to surface compactness

Compact heat exchangers arsed in most cases when restrictions orstructire size and weight in
service conditionsare involve. The interesting feature herethe area derity (ratio of the hee
transfer area A to its Wame V notedp). The value ¢ p is particularly high about 700 ¥/m®) for
Compact heat exchangeBy this way, a compact surface often offers a higthermal effectivenes
than shell and tube exchang (95% vs. 60 until 80%). This advantage esthe Compact heat
exchangers very useful in inteve energyindustries. Moreover small volumese naturally correlate

to a smaller weight, amasier trinsport, a better temperature cont
1.1.1.3. Classiftation according to flov and passarrangement

Tree mai flow arrangements & available in the heat exchanger ma
- parallel flow arrangemt
- counter flow arrangemt

- cross-flowarrangemen(cf. Figure 1.4).

This deggn parameter is ve important, heat exchanger efficiency stroy depening on this
criterion. Thus, the crod®w arrangemenallowing to increase considerablne fluid turbulince is

the most common used for thktended heat exchan¢surfaces.

3l



State of the art

Heat transfer
plate pack

Figure 1.5 - Isometric view of the welded heat exchanger

Depending on the thermal specifications given leydhstomers, a heat exchanger can contain odd or
even number of passes. A pass is created by ingtalhffles through channels. Typically, its ratetd

define a thermal circuit within the exchanger ffure 1.4).

1.3.3.2. Classification according to the heat transfer mecahiam
Although the heat transfer through the plates islanly conduction, the fluids temperature is then
able to change by a liquid/solid or liquid/streaomtact, permitting the exchange in the full stroetu

Convection force can be thus seen as the majortiagetfer mechanism involved in the exchanger.

1.4. Welded heat exchangers of Alfa Laval Vicarb

1.4.1. General considerations

The welded heat exchanger of Alfa Laval Vicarb hgkbto the Compact exchanger family. This one
called “Compabloc” has been developed by the compammore than 20 years. The major interest of
using this exchanger is to get optimal performamwesn the operating conditions become severe as
in chemical aggressive environment or/and undeh bégmperature’s variations (froml = -50 to

400°C) with extreme pressure conditions (up to @@

1.4.2. Design of the exchanger

The Figure 1.5 shows an isometric view of the wdldeeat exchanger depicting the different
constitutive parts of this heat exchanger. As ishewn, the structure is typically composed of two
mains parts which are presented in more detatisariollowing.

I-7
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Baffle

Girdel
“Papillote”
>orrugated
70ne
Smooth
Zone
Ledges of both
Upper
plates welded
adge of the
together

Figure 1.7 - Double plate patterns

1.4.2.1. Heart of the exchange
The core of the systemm compsed of a stack (N plates (plates padieing able to vary from 30 to
500). These latteare welde( together alternative from side to the othr in order to creat
perpendicular channetsossincthemselveaccording to a crosfdew arrangemint.N is then split in a
numberm of pass which are hited by baffles, driving the fluid along a “theal” circuit inside the
heat exchanger (cf. Figure lahdFigure 1.6). Welded heaxchangers are dgned by the compar
accordimg to the size of the h¢ exchanger heart, in other words the heat ter area of the welde
plates. Seven designs existAlfa Laval Vicart: CP15, CP20, CPL30, CP4CP50 and CP120 (tt
number correspondingp the width of the exchanger plates). Forformation, the biggest heat
exchanger can offer 330%mf exchange’s area. The plate thickness depen the surface’s are
0.8mm until CP40, 1mm for G50 and CP75 and 1.2mm for CP. Figure |.7shows a doub plates’
assembly of an Alfa Lavaltelded heat exchanc. Typically, this assembly is mposed of two plate

welded together along their ri¢ and left side
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Figure 1.8 - From a totally smooth plate to a stack of N plates

This picture displays corrugations on the platebe Tole of these corrugations is to generate
turbulence allowing a non-negligible increase af treat transfer coefficient (by a factor of 3 to 5
compared to a shell-and-tube heat exchanger). é&untire, the fouling can be minimized which make
longer operating periods possible. By the way,edéht patterns of corrugations are available, these
ones being called CPX, CPK or CPL. From a fabracapoint of view, the corrugations are obtained
by metal forming, whereas “papillotes” as the latdedges are formed after folding. Besides, both
deformation processes induce residual stressesldsfigpdeformations in the initial state of the
material. The plates are welded together at theillptes” area and along ledges, forming then a
“cassette”.

Two types of welding techniques are mainly used:gmaller heat exchanger (CP15 and CP20) are
TIG welded (tungsten inert gas welding) whereashiiggest ones are laser welded (CP30 to CP75).
Naturally, this automatic process has the advantadee more accurate than the TIG welding. The
second production step is the assembly. Typicalggnsists of the welding of the cassette to dilero
(also called the column liner). The goal is to #ual physical link between the heart and the frame
parts of the system (cf. Figure 1.9). At this tirtleere are only two end plates which have to beleckl

on both end sides of the heart.

1.4.2.2. Frame part of the exchanger
As shown in Figure 1.9, the core is then suppokigdour corner girders, linked to the plate through
the contact with the column liner (itself weldedtte "papillotes”) in which a small looseness is
allowed. In this way, the thermal expansion of giieler in the perpendicular direction to the plate
surface does not directly exert itself on the “Hamgs” as this girder could slip in the columndin
The setting up of both top and bottom panels pretlss sliding and constitute with the four side
panels (with nozzle connections) the way to confime heat exchanger heart. These geometrical

aspects will be particularly important to consitgtethe boundary conditions description of the model

W
o
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Stack of

Column

liner

Figure 1.9 - Final view of the exchanger heart on the bendintch

Figure 1.10 - Final view of the whole exchanger delivered to customel

Therefore both girders and fne panels are bolted together in order to fone compact bloc i
which classically the heart isimpressed with a 12t press Furthermore, thiprogressive fixing ¢
the panels allowso carry outdifferent nol-destructive controls as leak testsorder to localize
eventualwaterproofness probins A joint is finally included between the paiand the column ler
in order to seal itlt is morecver worth noticing that the nozzle chave ¢ very large diamet
according to different criteriorframe width and height, number of plates pass, state of the flu
...) and may play a possible e in the total rigidity of the frame. Therefore most cases, the pai
supporting the nozzle is thict than the othe In Alfa Laval Vicarb, a speal production activity
takes into account the preparan of the frame panelNozzle componentaelding, panels machining,

nozzles weldingn the panel ...

[-10



State of the art

|.5. Context of the study

This PhD project concerns the problematic of heahangers durability and more particularly the
study of the cyclic thermo-mechanical loading iefige on the mechanical response on these kinds of
systems. In fact, the trouble shooting analysislave in Alfa Laval Vicarb reports the occurrenafe
recent failure cases in their 316L welded heat amghrs due to a new use in severe operating
conditions (The unit being subjected to thermald&ehighly anisothermal). Although having a long
experience in the understanding of these possedeades, this department needs available tools to
advise customer concerning the appropriate temyreraange in which the unit can be used and to

avoid definitively these troubles by optimizing @ssign in the future.

[.5.1. Failure cases reported

The most often reported failure cases are repgustdbelow. The damaged zones will be observed
thanks to a penetrant testing (PT) fluid which iwidely used method for the detection of open and
surface breaking discontinuities. The main advantzghis non-destructive testing method is that we

can easily detect the position, direction and efzie defect by colorizing the damaged zonesdd).r

1.5.1.1. Along the column liner and at the inner angles
In Figure 1.11, a failure along the column linerstgown. It involves the appearance of leaks between
heat exchanger plates and “papillotes” connectiotly lheart and frame parts. Several abrupt angles
can be effectively observed in this zone makingédty sensitive to the temperature variations.
Similarly as in the foregoing case, leaks appedhnainner angle in the corners of the core whieee t
“papillotes” is even subjected to deformations rsifg heterogenic due to the proximity of particular

end plate surrounded by the frame.

These two failure cases correspond to more thamalfethe reported cases. In the sequel, the heat
exchanger response in the vicinity of the “papdstwill be carefully analysed, since it seems&o b
the weakest zone of the structure. It will be intaor to build a sufficient precise model in these

regions to show that they are particularly highhgss concentrated.

.5.1.2. Corner of the head plates and loss of contact paint
A damaged zone has also been reported in the setdrbetween the column liner and the head plate.
This induces loss of the contact points betweenctireugated zones of two plates thus reducing

noticeably the heat exchanger efficiency.

1.5.1.3. Welded zone in column liner and at head plates
Additional damage cases are also reported at #ma 8esld in the column liner and at the head plates
as depicted in the figures below. These concermestamage outside the heat exchanger’s heart, in

zone related to the body part.

I-11
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Figure 1.11 - Failure along the column liner

Figure 1.12 - Failure at the inner angles

Figure 1.14 - Failure in two welded zones

[-12
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[.5.2. Generalities on the involved damage mechanics

Welded heat exchangers are subjected to both thamdanechanical loadings. The first one comes to
the material temperature variation due to the fflodv, involving a heterogeneous thermal field. The
second is due to in duty pressure. Pressure measnte inside the exchanger revealed intensities
relatively small (around 15MPa) compared to medatamroperties of the material (as the yield stress
of magnitude order at least twenty times biggerclfpter 2). In this context, thermal loading appe

to be the most detrimental effects particularlyimigirtransient regimes including start up and shut
down of the exchanger. Thermo-mechanical fatiguenpmenon is involved in a lot of industrial
domains such as aeronautics, nuclear, railroadofrmburse heat exchange. During their life time,
mechanical structures are so subjected to repehexchal loads leading to the cracks nucleation
damageable for installations where the process i@sipboth thermal and mechanical stresses

according to Auger.

More precisely, Spera specifies that thermo-medahnfatigue corresponds to the gradual
deterioration of the material induced by a progsessracking during successive alternated heating
and cooling in which free deformation is partiadiyentirely impeded. Thus mechanical stressestresul
from thermal loading associated to the boundaryditimms of the structure. More generally (thermal)
fatigue phenomenon is particularly insidious duetsoprogressive and discreet character. Industrial
experience has already shown that cracks occubyntatigue can lead to the brutal failure of the
component. Thus the design of these componentsmesstl to take into account thermo-mechanical
fatigue aspects. Before considering it in the domai the heat exchange, the next paragraph

introduces more carefully the fatigue phenomenon.

[-13
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1.6. Introduction d fatigue phenoment

[.6.1. Generalities ondamage

Damage phenomenon dassially characterized by surface or volume disatinuities respectivel
for microcracks or cavities. he rheological process involved is so relay different from the
deformation, although causeppear to be identical such as the displaceland accumulation ¢
dislocationin metals. Macroscpic fracture has been studied for a long tinith the suggestion ¢
several criterions characterig the volume element fracture and depern on stress or stra

component (Von Mises, &sca,Mohr, Coulomb, Rankine..

It is neverthelss only in 195¢that Kachanov published the first memory a continuous damag
parameter (for metals creep fture in one dimension). This historical date ted out the beginnin
of the material progressive deioration modeling happening before méscoyic fracture. 70’s hav
then seen new studies desctg also ductile behavior performed mainly irance by Lemaitre ¢
Chaboche, in Japan by Murimi, in England by Leckie..In the end of th 70’s, has been al
developed the generalization the 3 dinensional isotropic case in the domaf thermodynamics ¢

irreversible processesiaotropi: damage is finally more recent.

Regarding the physics of mag, it is previously essential to introdu the scale at whic
phenomenon will be studied. 1atever he material, damage exists only if atst one crack or cavi
is present at the microscopic {e. In practical cases, this affirmation is oftever objective and rig
sincethe initial stage of the merial damage is the momefrom which strainiistory is known. The
final stage is defined as the ment when the volume element fracture occly the appearance of
mesoscopic crack size of trsame order of magnitudiThen, crack propgation theory can
consideredDamage theory tal so into accou every kind of materials undersery kind ofloadings.
The nature of the evolution mels will help to transpose different phenomeable to be cumulate
or to interact together. Knowil stress and strain story of one volume elemidamage laws give (k
integration) damage evolutiomtil the macroscopic crack nucleatiorthe highest stress concentrat

point of the structure. Asrasul, corresponding time or numbef cycles to failre isdeduced.

This methodology is the basprinciple of the mode structure resistancestimation used at tt
design, verification and contl (in service) levels. In this context, four ts of damage are so
described by different laws ithe literature such as elastic brittle, ductileeep and fatigue. In tf

contiruity of the project, the la mentioned is now going to be develo
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Figure 1.15 - SN curve description

[.6.2. Fatigue damage

Fatigue damage is characterized by the damagetingstdr a cyclic loading whose amplitude can
remain constant or be able to vary. Fatigue tetst alee mainly presented through the SN curve of the
material (also called the Wohler curve, cf. Figulé), stress level being depicted as the funatibn
the number of cycle to failure under a logarithsiéale. This phenomenon can be induced by different
levels of stress intensity on the Wohler curve:

- The oligocyclic fatigue or low cycle fatigue (LCFgime corresponds to a number of cycles
to fracture lower than almost ‘i which thermal fatigue is habitually classifi¢dere plastic
strains are generally induced. At high temperatures fatigue phenomenon could be merged
with eventual creep damage [1,4]

- The unlimited endurance domain involves strengtblying no plastic deformation, at least at
the macroscopic level. Fracture will occur afterigh number of cycles, almost from 11
10°). Fatigue is thus qualified as gigacyclic.

- Between both domains, high cycle fatigue is charamtd by deformation mainly elastic,

where fracture occurs after a certain number offlesyéncreasing with the stress decrease.

Fatigue strength describes the stress below whiddture is supposed to never occur. The knowledge
of such stress level is obviously interesting far engineer who normally uses it as a referenessstr
to design a structure. This threshold is nevertiseldften difficult to identify through experiments
making the use of SN curves necessary. In some otses (as for problems involving corrosion)

where the horizontal asymptote does not existnaautional threshold (Ipis considered.
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Figure 1.16 - Loading parameters in fatigue

A the microstructure level,htee steps in the damage process are disished known as tt

nucleation, growth and propadon of micr«-cracks and sudden fracture.

Usually rucleation occurs whethe material is subjected to local stressesdaently high and fatigu

crack nucleatdrom an inclusin or a surface defaulAfter a certain numbenf cycles, some she

bands can also appear wherrains concentre. Crack propagation mainly oends orthe material
ductility and the stress level.igher is the ductility, sloweis the popagatior velocity as more the
material will be able to acconodate strai. Nucleation phases function of tle loading condition:

Under high stresses applicati this time can represent only 10 %, whereaver intensities imph

90% of the total fatigue life.

Two stages of propagati@me ther classically considered. It is firsturing thenucleation that mic-

cracks appear being able to pagate and eventually to cesce. Here it isnainly due to the material
microstructure and particula to the grain size, rgin boundaries effeively constituting a
microstructural obstacleConcerning steels, mic-cracks are generally intigranula until having
reached a mesoscopic scaluring this first stag, crack nucleation is inny case governed |
shearing effectdn a second age crack trajectory can change and propaalong a perpendiculi

directionfrom the maximal pricipal stress directiol

1.6.3. Loading conditions
Most of the fatigue tests are t force driven as it corresponds to the mainstrial fatigue analysis
whereas thermal fatigue forxample is normally displacement driven dto the link betwee

temperature and strain througie thermal expansion coefficient (cf. Chapte

I-16
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Different parameters used to describe a fatiguditggeare thus recapitulated in Figure 1.16. Loadsg
in principle mainly characterized by the amplitdg/ €.) or the mean valuesg/ €). The fatigue life
is then predicted for a given frequency or R rdefined by the difference betweef.y ando,. Four
types of load are thus distinguished:

- R =-1implying alternated symmetric stresses,

- -1 <R <0 making alternated stresses asymmetric,

- R =0 corresponding to the application of repeatesssesa, = Ac/2),

- 0> R>1simply corresponding to the applicatibnepeated stresses.

1.6.4. Classical fatigue models parameters

In conclusion, classical fatigue models use thuamaters defined during one loading cycle:
- Stress or strain amplitudes/2 = (Gyax - Smin)/2 Or A&/2 = (Epax - Emin)/2,
- Stress or strain mean valoig = (Gvax + Omin)/2 Or &m = (Emax + Emin)/2,
- LoadratioR, = g,,/0y OF R, = &,,/&y

- Strain energy densiyW = § ode dissipated energy accumulated during one cycle

In the case of metals, the strain amplitude paramist the most representative of their fatigue
behaviour for a description in deformation. Thip#sticularly the case for a thermal fatigue proble
concerning precisely the damage mechanics implyiadheat exchanger failure in service considering
in this study. SN curves being in addition not @bl in a low cycle fatigue regime involving
permanent deformations, some plasticity tools ateoduced in a next paragraph to previously

characterize the cyclic material behaviour.
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|.7. Plasticity theey in thefatigue material beavioui

[.7.1. Cyclic material behaviour
.7.1.1. Description

Cyclic behaviour generallynwvolves material memory able to described byhekinematic hardening
and more precisely thBauschiiger effec. It corresponds ta material softeniy by a decrease of the
yield stressin compression atr a first load in tension (cf. Figure 1.17-iiAs a result, theelastic
domain is translateith the deviitoric plantwithout other transformatioafter ddormatior. In general,
kinematic hardening is linkei the residual micro sisses due to the heterogity of the material ¢
the microscopic scaldependng on the studied caseghe translation of thelastic domain can t
accompanied by its expansiorhis characterizes the isotropic hardeningguling from the increas

of the dislocation density.

In cyclic testsat applied deformtion, two types amaterialbehaviour are classilly observec
- A material hardeningcf. Figure 1.18-i) where stress increases withrtbenbe of cycle,

- A material softeningluring which on the contrary, stress decreaséh the time

Different materialresponses ta cyclic loading are (picted in Figure 1.19. Aysteresi stabilisation
will normally occur only if tle loading is perfectly periodic, correspondiegther to an elastic
adaptation or alastic accommdation.The first case implies a limit valud the energy stored by the
material involving no more pastic strain after a certain time, when the ond leads to a cyc
stabilization. @ice the stabiliseon reache, another one can occur mcreasinctheload amplitude in

a second time (cf. Figure 1.18:b)

In the case of nosymmetric ipplied stressRatchetting effectan be obsend. Ii is considered to
cause a non-negligible numbafrstructural failures by generatipgogressive eformation(cf. Figure
1.19). In multiaxial conditions, atchtting effect is generally less visible andmplies less Von Mise

stress and strains for equivaleoadings

1.7.1.2. Influemces on the material descripti
As a consequence, all these 1its make yield surface representation not fixgth the time. In Figure
1.17-b, the middle X) evolution of thesegment Z{,+R) characterizes thealled kinematic hardenir
by elastic unloading at a givertastic deformation, (R being an isotropibardening paramet). The
definition of both isotropic (ze evolution of the elastic domain)d kinematic (elastic domai

translation) allows to introdudbe yield surface dcription:
f=lo—al—R—-oy (1.1)

In this way, plastic flow law eaonly occur ifé, = 0 or f = 0.

[-18

3l



State of the art

(ii)

o]

oy 2(oa+R)

L

o A5

_G{]

Figure 1.17 - Linear kinematic hardening (i) in the deviatorlane, (ii) in thes = f(gp) response

Axial stress (MPa)

Axial strain

Figure 1.18 - (i) predicted strain memory effect by three diéfietr strain amplitude and (ii) predicted cyclic

plasticity behaviour (50cycles) for nickel basewlunder tension-compression (from Dieng et al040

o

+0

(i) Adaptation

(i) Accommodation

(iii) Ratchetting

Figure 1.19 - Cyclic material response under different forcadiogs with (i) the elastic adaptation, (ii) the

plastic accommodation and (iii) the Ratchettingeff
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1.7.1.3. Accumulated plastic deformation and hardeng laws
Classical hardening laws takato account the plastic stras” but orthe accimulated plastic strai
notedp in an uniaxial caserhis term after N identical cycles can be poinbut by having a mor
careful look at Figure 1.17. Ifact, plastic deformation imeases when a Ihd on the patlAB is

applied, the opposite unload Egiving the same results in absolute value.

gp — &4 = |eg — 5| = Ag, (1.2)

Under N cycle(s) of loadingnloading,total accumulated uniaxialgstic strain an be defined

t
p = N(|2e2=P| + |4eB~4]) = 2NAe, = f &, |dt (1.3)
0

Isotropic hardening is mainlg function ofp with R = R(p) and 3 differedws exist (cf.Table 1.1)
whose utilisation mainly depels on the materi. Voce lawis classically useto study steels and
about to be used & future appcatior. It shows its ability to saturate for highhmtated plastic strain
valuesp (1.6), the power la' being more in adequacy with aluminium haviour Considering
kinematic hardening, two ma laws areintroduced in Table 1.2C andy are known a kinematic

hardening parameterX,asR beinc functions of the plastic deformation history.

[.7.2. Observations in nultiaxial

The loading path can play a ical role in the mechanical response of somaterials as steels a
other metallic abys. A load irroducing no variatic of the principal stress tisordirections in any
points of a structures so caed proportional. allows generally to detetinate elastic domai
parameters. On the contraggnsideringnon-proportionaloading introducedhe hardening notiol
From equal amplitude loadingthey can lead to an additional hardenidgpexding strongly on th

loading path.

[.7.3. Tridimensional yield stress criterior

The unidirectional plasticity thshold defines the elastic domain in the one:nsion stress spe. If

oy, andoy represent respective yield stress in traction and compression, nestic flow is observed
(¢, = 0) in the domaingy < o < . Considering the particular case of ideal yield stres, initial

elastic domain of the matel can be described by the criteria funclf = |o| -0, <0. Its

generalization in Tridimensial case is theyield stress criterion still fornlated by f < 0 and

describing a domain in the 3 or 6 dimensions stress space, in which ass variation will onl

generates elastic strains.

In the case of metals, physigakchanics can justify the convexity of icriteria function of the stres
tensor. Here the wekhown Von Mises isotropic criterion will be used for tstudy as the eventt

plate anisotropy appears to bery negligible (cf.experimental tensile curves iChapter ).
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Hardening law tip Formulation
Linear R =Kp (1.4)
Power R = Kypl/M (1.5)
Exponential (Voce law) R=Kn(1—e™) (1.6)

Table 1.1 - Different isotropic hardening laws

Hardening law tip Formulation
Linear of Prager X = Cyep (1.7)
. . . 2 . . (1 8)
Nonlinear of Armstrong-Fredericks X = §Cgp —yXp :

Table 1.2 - Different kinematic hardening laws under cyclicisigerations

TN

a
1 o,

Figure 1.20 - Isotropic hardening description

Thus the function f depends only on the princige¢sses. Starting from the postulate that material
behaviour becomes plastic when the elastic distortinergy or the shear elastic energy reaches the

threshold value, the initial function associatethi® VVon Mises criterion can be described by:
f(o) = Oeq — Oy (2.9)

. 3
with Ooq = Eg';g' =/3J, (1.10)

With ¢’ is the deviatoric stress tensor.

I.7.4. Specific plasticity laws

To describe plasticity behaviour, different laws awailable in the literature depending on the nelte

and the kind loading from which it is subjected.

.7.4.1. lIsotropic hardening model
Isotropic hardening is the most commonly used wi&gtiaw particularly in the automotive industry.

Here only one scalar variable is necessary to tbestne evolution of the elastic domain size. Fegur

W
o
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1.20 schematically shows the teria evolution in the stress space and the sponding stre-strain

curve.

In addition, the curve points cthe fact that A (after loading) and A’ (afterloading) have the san
cumulated plastic straip, confiming its ability to be used here as parametwpposing a hardenil
isotropic make easier its mamatic description as shown by the classicandt-Reuss law. It is

defined by deformation partitic, the general normality law is:

of
== 111
€p Aao. ( )
.. of

and by a linear elasticity. Freeiergy andield criterion are respectively:

pY = pye + pyp = py + G(p) (1.13)
And f=04—R—0, (1.14)
State laws give then
0y
a=pE=E: (s—sp) (1.15)
And R = alp—aG—R 1.16

Where G(p) defias the hardeéng R(p). Equatio (1.6) gives identification eample ofR(p) by an

exponential law.

1.7.4.2. Linear Kinematic hardening of Prager
Kinematic hardening correspis to the translation of the yield surface. T{ variable cf. Figure

1.17) introduces itn the descrifion of theyield surface by the use of the Vonses criterio:

f=llo—X|l—oy=]J(6 —X) -0, (1.17)
From this definition (1.17)the assumption of generalized norrty implies the kinematic hardenir

linearity fromwhich the hardeng variable is equal to the plastic str

o U, 1.18
C=Aox = e (1.18)

It is not possible to introduce Yor-linear relation betweeki anda consideringa flow potential equz
to the criteria function. It wod leadto a one-to-one nolmearity which is 10t in adequacy with
experimental observationshus tsing specific free energy under a quadratiim in the case of Von

Mises criterion the variable beome:
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0 2
X= p% = Coa = CyeP = §C£p (1.19)

The linear kinematic hardening law of Prager cduddthus summarized by equations (1.11) and

(1.19) where the hardening modulus is constanieguals to C.

1.7.4.3. Non-linear Kinematic hardening of Armstrong -Fredécks
Hardening law linearity certainly implies easieddaster calculation resolution. Nevertheless seca
of cyclic loading, Bauschinger effect could notgdvecisely represented, stress state will accomreodat
from the first cycle and Ratchetting effects arereower not described. In this way, non-linear
kinematic hardening of Armstrong-Frederick is goiade used. This model is curiously very famous
although its publication had been more recent. 2007, it has been limited to an internal repdrt o
the Central Energy Generating Board (CEGB). Thé&dysairface remains defined here by (1.17). In
order to get round the disadvantage of the propumatity betweernr, andX, a third term is added in
(1.8), p is the cumulated plastic strain velocity and ¢ material parameters. This third term is
known as dynamic restoration due to its one delgopeogeneity against the time. Generaliytensor

is supposed equal to 0 at the initial stage asttier plasticity theory elements are not modified.

Thus, one of the main characteristic of this maokesponds to the classic plasticity formulation
with two surfaces (allowing the description of attouous hardening modulus evolution):

- The elasticity limit surface merged with the yislaface,

- A limit surface induced by the variables re-actetion, the states;c_l, X,,—1) being the

conseqguence of the prior plastic flow.

1.7.4.4. Combined hardening law

Although isotropic hardening alone remains the masdely used model in the industry, taking into
account Bauschinger effect recently showed berméfinfluence on numerical prediction reliability,
particularly in the case of spring back. In thisyna new standard of models is emerging. It is #ana
of a superposition of a non-linear kinematic handgrio an isotropic one, implying both translation
and dilatation of the elasticity domain. This condiion will be particularly recommended in case of
reversed strain path. It is described with twoestariables: the cumulated plastic strpimnd the
associated thermodynamical forée (inducing the size variation of the yield surfac&jways

considering a Von Mises criterion, the yield suefé now defined in term of:

f=J2(c-X)-R—-o, (1.20)
R varies as a function of the accumulated plastairstaking into account the progressive hardening
As it will be pointed out later, regarding cycliehmviour, this evolution is in principle relativediow.

It can increase, the term of cyclic hardening isstintroduced, or decrease for the cyclic softening
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cases. This variation can liescribe by a formulation which lookdike kinematic hardenin

definition.

R =b(Re — R)p (1.21)
Where R, gives the asymptot value corresponding to the stabilized cyclic e and b the rapidit

to reach this stabilization. Assiing that R is equal to O for a p value also edp O, integration of th

last relation would give (1.16).

For applied strain, this last aationrepresents nicely theyclic hardening.It is also possible t
superpose several isotropic hening variableR = ) R;, often necessary to sty small deformation
region on the stress-strain curisotropic hardening taken as cyclic hardeninfect could also induc
on kinematic variables depeing on the cumulated plastic strain. In thvay, equation 1.18)

becomes:

¥ =2~ y)Xp (1.22)

In conclusion, it is also impant to note that nelinear kinematic hardeny model neverthele:
describes an evanescence rory, that is to say the stabilized cycle is we for a given cycli
loading. More generally, thisnaterial behaviour theory presented is goio be introduced ar

applied in the hat exchanger flure analysiin Chapter 3.

1.8. Heat exchaner analysis in the literatt

Fatigue has been widely stud from a general and scientific point of view dg last decades. Sor
applications received also a Iof attention such as in bearings structural méerials for aeronautic
[2], [3]. However, surprisinglyatigue in the case of heat exchanger has barely addressed. Mc
of the recent references coirning the failure analysis of exchanger dwith a metallurgica
approach in order tmainly identify the damage mechanics involved in indal problems [4, 5, 6]
In these studies, the fracturé heat exchanger has been associated to al fatigue coupled t
microstructural feature such ¢he presence of defects (i.e. sulphides5]). It is necessary to con
back to the 90’s to find some merical approach of a heat exchanger failureguson and Gullapa
[7] suggested a way to incle a fatigue model in a ther-elastic analys of a gas fired hei
exchanger. This leads to agsible estimation of the fatigue life of this typf exchanger. Cracl
supposed to appear at weldeints after a relatively short time, hypothesiziseveral failure mode
including residual thermal =sses from welding and especially thernfatigue #ilure. This
distribution has been used validate finite elements model geometry, terial properties ar
boundary conditions. The stv of the thermal load in duty has led to thonclusion that failur
mechanism corresponds to thal fatigue. Indeedevery day the unit is stad up and shut dow

involving a thermal cyclic loang. In addition, once the unit reaches maxiremperature, an actt
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cook cycle occurs. A linear FE (Nastran) shell gsial has been so conducted. A thermal load
corresponding to the worst in duty one in termstoéss concentration identified by a first study is
applied to the heat exchanger model. The stresadh node is thus extracted. In order to predet th
fatigue behaviour, a failure criterion is then usghllis failure criterion is based on the maximatss
admissible. This empirical criterion stated thag thaximal load is given by the endurance limit at
infinite life corrected by factors taking into acea the surface finish, the size, the temperattieets,

etc...:
Se = kakbkckdkesé

With S the modified endurance limik, the surface finish factor (taking into account thermo
mechanical treatments experienced by the base ialptkf the size factor ankl. the load factor (the
value of these two parameters are set and thefesiggaficance is not expressly giverRy the
temperature factor (taking onto account the ewvotutof the base material properties with the
temperature) k. the stress concentration factor. At 1&t the endurance limit at infinite life.
Moreover, the authors added a Palmgren-Miner egudt take into account the different types of
load experienced by the heat exchanger on the databhge. This approach permits to obtain a fair
idea of the fatigue life of this type of heat exeper. However, it is clear that the failure criveri
proposed is more an ad-hoc fitting parameter oelcdbing the case studied. Thus any prediction of

fatigue life in an other configuration seems tanbépossible with this approach.

Carter P and TJ [8] have then suggested a metai#lrfpilure analysis of aluminium plate fin
exchanger to identify the involved damage mechaisenfirst approach. In that case, the material is
composed of a core material namely 3003 Al-Mn allog a clad made of Al-Si. This clad permits to
braze the structure when a thermal cycle is impadsedto the lower melting temperature of the Al-Si
alloy. It is shown that fracture occurs due to pihesence of brittle phases in the solidified clada
second time, the study has been followed by apliliction through a numerical analysis and the
application of a fatigue model. This structure nallsnalso works in a steady state, being submiibed
significant pressure and thermal loads cycles oitwythis time irregularly during start-up and shut
down of the unit. Thermal fatigue failure was comiéd. Linear FE (Abaqus) shell analysis of a corner
piece was performed in steady and transient stdiiemved by stress analysis in which the weakest
zone has been identified. A version of Manson-@olfiw taking into account total strain and stress
amplitude (corresponding partially to Basquin’s Inoet) has been used to predict the final fatigwee lif
The authors consider that fracture is determinethbybehaviour of the brazed materials. Thus only
the mechanical strength of this one is considefde. finite element model developed here predicts
that the transient regime seems to be more dettahéor the structure considering fatigue. The
fatigue life is reduced to less than 100 cyclesaftnansient with a difference in temperature @°3

Moreover this model predicts also the right locatgd the fracture. Even if the model presented here

W
o
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is quite coarse in termsf mechanical behaviour (the isotropic and kintic hardening of th
materials are not taken in to &unt) and in terms of structure modelling (sobarts of the exchang
are not considered), this appch seems to be quite convincing and will lartly followed in our
study. It is interesting to note at this type of heat exchanger received morention in the last yea
for automotive applications. T initiation of fracture in the solidified cladsbeen clearly proved t

Xray tomography studies [9].

In the same way, Nakaoklakagawa and Mitsuhashi [10] have worked or evaluation of fatigu
strength of platdib heat excanger under cyclic thermal loading. Ther fatigue having als
supposed to be involved, a cce linear FE model was used together with fe test dat The strain
is calculated probably with aure elastic behavior of the materials and cared to experiment
results giving the number of cles to fracture according to the strain ample imposed during tt
test. This comparison is usec determine te fatigue life of the heat excharr. Even if the fatigu
life seems to be correctly preted by this approach, it is clearly very coars it does not take in
account the plastic behavior the materials and considered only a uniaxoading althouh it is
clearly not the case in the re;ase. Thus these aspects will be incorporatcour work in order t
provide a more predictive mlel which could be used for different thed cycles, geometrici

configurations or base materic

At last, a moregecent paper [1] studied experimentally and by means of firelements calculatiol
the fatigue life of brazed stairss steel pla-fin heat exchangers. These exchers are constituted
fins brazed on plates (figure L). Firstly, some tensile ts on the structure e carried out to obtai
the elastic modulus and the téle strength. Then some fatigue tests are caout at 600°C which i
the in duty temperature. Hower the authors proposed a very simplified fintement analysis of tf
fatigue tests to predict the igue life. They considered that the complstructure of the hei
exchanger can be approximd by an equivalent solid plate whose nanical properties al
calculated by the Seeger's mod. The calculations are carried outa purely elastic regime. Th
stress at each node is thus oled and it is used to predict the fatigue loadising some paramete
provided by the ABAQUS FEAFE software and a Manson Coffin type lafhe calculated curve
giving the number of cycles tmacture according to the stress amplitude ie case considered ¢
close to the experimental onehis approach does not take into account the geometry of the he
exchanger. In some case, thiuld be meaningful but clearly it won't give acale results in our case
where stress/strain concentra will clearly be heterogeneous. The considen of the real geometi

must be addressed in the follag.
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Figure 1.21 —Real geometry of the heat exchanger (a) and thiwaent solid plate considered for finite

element calculations (b) [11]

1.9. Goal of the study

Although some studied cases exist in the literatalleprojects can obviously differ in the approach
simply due to the differences of design or indastapplication for example. Thus the aim of thiPh
project has been to provide insight of the weldeal lexchanger response in use in order to exgiain t
most common failure cases reported in the Trouhtwmofng Department of Alfa Laval. In this way, a
methodology has been thought to answer this givebl@m with the:

- Linear FE description of the full exchanger by kg the weakest zones thanks to
assumptions in adequacy with the reality and plysfcthe problem. It is something already
innovative as references previously presented ¢paph 1.8) had the tendency to consider
only a small part of the exchanger in the modellidgre the model is supposed to be able to
describe a structure weight of almost 50,000kg, mmsad of 500 plates,

- Validation of boundary conditions and numericalutess by comparing the simulation with
thermal fatigue test performed one or several pypts,

- Identification of the material cyclic response te able to get the real material behaviour
involved in the working unit and proposition of aywo incorporate in the FE model,

- Suggestion a fatigue model able to make a link betwlocal material response and fatigue

life predication, easily usable in an industriavieonment.
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II. STRUCTURE MODELLING DESCRIPTION

The finite element model construction of a heathexger has been carried out in a step by step
approach. From several assumptions verified exgaatly, the thermo-elastic response of the heat
exchanger under uniform thermal loading has beestlyfiinvestigated. Regions of the exchangers
where the stress concentrates have been idenfifiea thermo-mechanical tests have been performed

to validate the thermo-elastic description of tkeatrexchanger.
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11.2. Motivation and methodology

This chapter deals with the construction of a sifigol 3D description of the heat exchanger,
something never made until now mainly due to tliicdity to easily take into account structure size
boundary conditions, thermal loading, transitorfgets, among other aspects. The aim is to build a F
model that allows thermo-elastic calculations tcnpout zones of stress concentration in the carner
of the heat exchanger core, where some vulnemahilitly be observed. It is here necessary to have a
good balance between a realistic description ofnteehanical fields that are responsible for damage
and a low cost simulation time. To the end, a bottgp approach has been adopted, starting with a
simple description of the plate (i) and their adslgnthrough “papillotes”. Using simple boundary
conditions and homogeneous thermal loading, regiwaisare potentially critical have been identified
Then more realistic boundary conditions have beesidered by a detailed analysis of the plates pack
environment (iii). From a balance between a refidescription where stress partially concentrate and
a simplification (where heterogeneous fields ateit), the final macroscopic FE model is reached by
the last consideration of the core extremities. (ivis finally compared to experimental tests beck

its validity.

Regarding thermal loading, it is in practice getmtaby fluid flows in the whole exchanger. It is
assumed that it is the only load supposed to benumital for the structure resistance, internal
pressure effect being here neglected, althoughnibdel could be used for burst test (pressure
resistance). If thermal loading has been considaedhe existing data of the methodology, real
temperature distribution calculation have beenqguaréd by Alfa Laval research center. Throughout
the construction of the 3D FE model of the exchamgee, it has been supposed during heating (resp.
cooling) transient step, thermal inertia betweere @and external frame panels is different enough to
consider frame part as a rigid while the core defothermo-mechanically. Thin plates (1mm) of the
core (in red) should have tendency to heat andrekpary quickly when it is expected that thicker
frame panels (almost 120mm, in blue) and girdeednmuch more time to reach the asymptotic
temperature by conduction. In this way, throughthd project, whole frame part will be fixed,
applying rigidity effect on the core. It is in atldn during these first instant that boundary ctinds
applied on the core are supposed to be the strotigesigh this assumption. This important postulate
should be verified experimentally. At each stegytio-mechanical calculations have been so carried
out to identify regions where a defined descripti®mecessary and those where a simplified one is
allowed by the observation of the stress distrdutinder a simple uniform temperature field. ANSYS
finite element code has been used for all simulatia this study. From a technical point of viele t

FE model has been parameterized so that the fusgmecan vary plate size, plates and passes number,
column liner and girder dimensions and size of fi@tes” as desired. The sequel of the chapter

follows the bottom um approach depicted in Figlrk |
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Papillote
Girder
) Zoom on the
Column liner |§ pacl End plate ine of interes

Irate description of
ndary conditior

Figure 11.1 - (a) Picture of the heeéexchangr core with the pill-up of corrugated platels) foom along the plate
pack corner showing the assely of the “papillotes’; column liner and the end pla (i) to (iv) snapshot

depicting the strategy adopted tonstruct the FE model with (i) description ofirgte corrugated plate, ( its

assemblywith another one with prpendicular corrugations orientat, (iii) the accountor connection to fram

panels (iv) the final FEmodel at the macroscopic scale

The nechanical characterizah of the smooth and corrugated material heen firstly gets ontc
Basic plates assembly and undary conditions influence have b then analysed. Final the
description of the full 3D FE ndel is provided. IPedictions have been compaiwith experimers.

-

/
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Figure 11.2 - Uniaxial tensile test stress-strain response @ftfied 316L steel under consideration in thisigtu

along the rolling direction (long), at 45° and saersely

11.3. Mechanical characterization of the material

The material involved in the project has been hewiously characterised. Plates are made from a
laminated 316 L steel whose basis composition igh Chromium content (17%) for corrosion
problem, from 11 to 13% of Nickel and around 2%\flybdenum (elements particularly adapted for
aggressive environments). Cr-Ni alloy is here ctiréstic of an austenitic stainless steel. In a
mechanical point of view, this material is ducté@d presents high tensile strength and creep
resistance. Nevertheless it cannot be subjectadtermal treatment and its forming should be made
at room temperature (as the plate embossing on&tian). Regarding the external frame part, panels
and girders are manufactured in low carbon cordt®l, not characterized here the frame has been

only considered as rigid body displacements apglginits contact with the core.

The mechanical material properties of rolled 31&ekhave been identified in uniaxial monotonic
tensile tests performed at 0°, 45° and 90°C tortikng direction, allowing to also point out a
possible plate plastic anisotropy. Specimen thiskne 1mm and all tensile tests have been conducted
at a strain rate of,10%s"’. Longitudinal and transverse strains have beeorded with a non-
contacting video method. Cauchy stress was firgdlgulated from the load assuming an isochorus
transformation during the plastic deformation. Fegli.2 shows material responses along the three
directions (Long, 45° and transverse) in the samelot and it is shown here that plastic anisotropy
is relatively low. Added to the fact, plate rollimiyection is oriented randomly in the manufactgrin

process of the exchanger, material plasticity fstsimply supposed isotropic in Chapter 3.

W
o
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Elasticity Yield stresses Fracture
316L Sample Young Poisson's | "o at Maxlr.nal Total strain
modulus ratio linear | 0.2% tensile (%)
(MPa) (MPa) | (MPa) | stress (MPa) ?
Long 221 323 1041 46,00
45°C 185 000 0.31 355 387 1067 41,60
Transverse ’ 211 | 309 979 43,59
Average values 262 340 1029 43,73

Table 11.1 — Identification of theelastic plastianaterial paramete

Figure 11.3 - Anisotropy behaviour of the corrugated zone

A Von Mises yield criterion wibe so suitable for this studMain mechanicalaterial propertieare
reported in Table Il.where it 5 pointed out a yield stress witd0 MPa, an ¢astic modulu:of 185
Gpa and a poisson'’s ratio 0£0.31 This experiment also provides somérmation about isotropi
hardening model as it hagso allowed to carry out the first stage of kineme hardening paramet
identification in the Chapter 3.

11.4. Mesoscopic aalysis of the platrassembly

I1.4.1.Mechanical charecterization of a heaiexchanger plite

Figure 1l.3presents a picture a plat¢ under consideration in this worklong the plane, a corrugat
regions obtained by stampirgyrrounded by flat zone. The aim of this part simplify this structure
by a 2D anisotropic elastic maial model applied on a totally flat plerepresetation instead of a 3
modelling. This corrugationpattern (called’K” in the Alfa Laval terminomgy) shows identical
properties along two direction§he use ca transverse isotropic symmetrysispossible. In this way,
corrugationsinduce a heterogieous stiffne: in their perpendicular directiorsand 3 compared to

that along direction.lIt can be;o writter E1 > E2 = E3

Grenoble)\.,.l'r.)\

/
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Stress (MP: \

600 -

500 -

400 |

ey

300 -

200 -

100 -
Strain (1% %)

o t——+—+——++--—++——+r—r+r———+r——+r——-+r—+rt
0 005 01 015 0,2 025 03 0,35 04 045 0,5 0,55 0,6 0,65 0,7

Figure 11.4 - Uniaxial stress-strain response of the 316LIstlag the direction perpendicular to the

corrugations and corresponding samples
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Figure 11.5 - Zoom on the beginning of the stress-strain respari the 316L steel along the direction

perpendicular to the corrugations

In this way, Figure 11.4 shows the uniaxial stresin response of the corrugated 316L steel. The
curve can be split in three parts. The reactionghltirection 2 shows (i) a reduced stiffness ufiit@
plateau corresponding to a geometrical accommauatidhe corrugations. The third part (iii) finally
points out material hardening of the flattened miakeln order to estimate the stiffneBs along the

direction normal to the corrugations, the firstpalaf the curve has been considered (cf. Figusg II.

a® 23

B2 =% = 0002

= 11500 MPa (2.1)
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Young modulusE (MPa) 185000
Poisson’s ratio 0,31
Thermal expansion coefficiera (K) | 1,55x10°

Table 11.2 - Elastical properties in the smooth zone

Young modulusE; (MPa) 185000
Young moduluE; = E; (MPa) 11500
Poisson’s ratiov;, = vz 0,0185
Poisson’s ratio;s 0,31
Thermnal expansion coefficiela (K™®) | 1,55x10°

Table 11 .3 - Elastical properties in the corrugated zone

Mechanical properties at rootemperatur used in this chapter are thrtepoited inTable 1.2 and
Table 11.3. Stiffnes€; along corrugations direction is supposed to follow ttame behaviour of tt
smooth zonde; andE;, = E; =11500 MPi, thermal expansion coefficient reining constant ilany

case.

[1.4.2.Governing equatons for the thermo-mechanical prcblem

The gverning equations invokd in therm-elastic calculations are presente this paragraph. In a
simulation heat conduction a convection are not considered. A fixand wiform temperature is
prescribedand the material thenc-mechanical response is calculated. The tc-elastic formulation
is briefly introduced together th the virtual work of which rate form considered to solve ANSY.
problems. The totadtrain tensc accounts two physical contributiortee elastiparts® and a thermal

straine™. By assumingmall deormation, the total strain
gj =&+ sl-t}‘ 2.2)
with git}l = adTé;; (2.3)

d;; being the Kronecker symh o thermal expansion coefficient aagi the elastic parirelated to the

elastic moduli tensor

. _ Lol — . . oT . &th
0y = Cyri: &) = Coypat &y — Cypa: &) (2.4)

In this equation, the thermal atribution is regarded as an inelastic strain larly to plasticity. The

virtual power is:

JJU:(Ss'UdV=J T.51udS (2.5)
%4 1%

11-8
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Corrugated zone

All the DOF on the 4
corner are blocke

Smooth zone

I\

Figure 11.6 - Geometry, mesh and boundary conditions of thdeipigte model

f C:sg:ast—f C:s‘fjh:6s'dV=f T.5udS (2.6)
14 14 sV

) ‘ (2.7)
f C:éLT]:(YédV =f C:éf]h:5édV+f T.éudS
4 4 %

which is incrementally solved by ANSYS. All necags#ools being now available, the structure

modeling description is introduced in the next gaa@h by the brief analysis of a plate behavior.

[1.4.3.Simplified plate description and thermo-mechanicakimulation

A shell description of the plate has been adopteslthickness being actually much smaller than the
two other dimensions of the problem. SHELL181 elet®dave been used, composed of 4 nodes and
6 DOF per nodes. Account for the plate stiffnesalliswed and an anisotropic elastic description is
used to represent the corrugated region, isotr@gasticity is used in the flat squared zone (cjufe

11.6). A first thermo-mechanical calculation hasebeconducted on a simple plate (cf. Figure 11.6,
geometrical model and mesh) by blocking displacameat the four corners. These boundary
conditions have been thought to account for theepileermal expansion compressing corners on rigid

frame panels subjected to a reduced mobility.

A uniform temperature field of 90°C have been prigsc representing a standard magnitude for a
switch on. In Figure 11.7, the distribution of thMises stress normalized by the yield stress isrtedo

for (i) an isotropic plate and (ii) an anisotroplate. If the ratio is less than one, a considex@tk
remains in the elastic domain. A noticeable stramscentration in the vicinity of the corners is
observed, showing that plasticity could appeahi@sé parts of the plates. The preferably oriemtatio
of the stresses (ii) is related to the corrugatiomsntation along one axis involving a higherfagfs

(cf. Table I1.3) than in the perpendicular direntid\s a consequence, corrugations generate a higher

rigidity inducing more difficulty to deform and sostress increasing for the same displacement.

-9
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Figure 11.7 - Influence of the mdel dimension on the distribution of the Von Mi&tgess, normalized by the

yield stress reported in Table 1.1
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Figure 11.8 - Geomety of a two plates mod and corresponding boundazondition:
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However boundary conditions are for the moment veopnservative to make any additional
conclusion concerning zones of interest. Conseddhese results indicate that a refinement of the
structure response is necessary in these locatigrepproaching progressively the real design ef th
exchanger. Always keeping in mind the step by atggect of the methodology, a two plates assembly

is now going to be introduced in the next paragraph
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[1.4.4.A two plates assmbly

In order to refine the structuresponse in the vicinity of the corners where thpillotes are located,
crossed plateassembly has tendescribed (cf. Figure 11.8); “crossedtearing that corrugation
directions are perpendicular m one plate tohe other. Along theedges othe plates, a wall i
assembled for each pair of pls to create the channels of the heat exchaThe fla parts have been
also modelled with a 2D surfa and to mesh them with 3D shell elements o thickness (CPK75
In the same way, thespectiveupper and loweedges of the top and bottom tes are modelled wi
half of this surface in order tallow a imple translation of this basimodel. later this anticipatiol
will give the possibility to bud the crossed channel of the exchangerreach finally a mod
including a parameterizadumkel n of plate. For this configut@n, the end ofhe “papillote” is now
blocked in displacement in ozr to estimate stress distribution in this rec(cf. Figure 1.8 - iii).
Then plate corners show nowv “papillote”, i.e. a vertical extension createding the plate formin
that is ultimate welded along 2 z direction (cf. paragrafll.4.5). Introducing &first link to the fram:
part, theyare modelled with sll elements also in the continuity of these and bottom ledges

each plateBasically the “papillte” form a 45° angle in relation to x and y axis.

Concerning the mesh, it pogressively develop« and optimized to be a®arseas possible far from
regions of stress concentratiasefitre of the pla) and refinedn the vicinity o the "papillote”. This
work is nevertheless constrail by the width of the smooth zone (10mm folZPK75 plate of 730.
mm wide). It imposes a maxin mesh size of 10mm in this zone. Smaller elnt size being probab
too fine comparig to the globe structure, it is necessary to adapt the meshe border between tl
smooth and the corrugated 1e with this constrai Another important poi to introduce is th
corrugations contact betweero plates. The most realistic and simpldution would have been
model a stress equation beten each superposed nodes (same X,y locatom one plate to th
other. This numerical tool allcs to link the displacement along the z axis oth corrugated zone
making an effect closed to ad contact between bottppearing to be a pnt of view a little bit
conservative, it has been shc that this numerical criterion does not havewajor influence in th
stress concentration locatiomd intensity particularly in the zone of imst Imposing a zero
displacement at the end of t “papillotes”, the 2 platr dilatationis always ©onsidere in a direct
connection with a frame pattally rigid. As these boundary conditioase stil very conservative, a
more accurate description ofightrarsition zone remains necessarycélculatin has bee regardless
carried out still assumingtBomogeneou thermal field of 90 °C. Until nowstreses concentrate in the
vicinity of the “papillote” locdion. Figure 1.9 shows similar effects.akh flate taken separate
seems to react identically as one plate mod, the higher stiffness in theorrugation direction
involving a larger stress coentraion at the corner of which diagonal parallel Due to the
conservativeness of the boury conditions, this effect is less visible on tpapillote” reaction fol

the moment.

l-12
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Figure 11.9 - Distribution of the Von Mises stress on a crogslades assembly

[1.4.5.Introduction of a more realistic boundary conditions case

[1.4.5.1. Account for the column liner in the FE model

During the last paragraph, all steps necessaryuiltl la one and two plates model have been
successively presented. The influence of diffeparameters as the corrugations (with their contact)
the thermal load and the meshing and the consglerina crossed plate geometry has been more
particularly pointed out. At this time, the twodfirpoints seems to constitute key parameters in the
stress concentration location and intensity. Néndelss more accurate boundary conditions of the
exchanger core structure in duty still need to lescdbed. The modelling of the “papillotes”
associated with a crossed plates geometry haszbfdest development, boundary conditions until now
supposing plate corners totally fixed. To be mapresentative of the service conditions, the link
between “papillote” and frame part is now taken encarefully into account. As shown in Figure 1.1
and Figure 11.10 (in purple), heart and frame parts maintained together thanks to a piece cdtled t
column liner. This “intermediate” part of the heatchanger is expected to play a major role in the

strength transmission and so in the stress coratemtriocation.

Figure 11.10 shows a cross-section of the regiolintdrest including the plates stack (in blackk th
“papillote” (in blue, both already considered inr guevious models), the frame part (frame panels +
girder in red) and the column liner (in purple).o8img that the girder is able to slide inside the
column liner design, the real configuration alseedds a gap between both expected as being a way
to unload considerably the “papillote”. The colufmer used to join the plate of the exchanger with
the assumed rigid frame is so going to be introducehe model. Part of the displacement generated
by the thermo-elastic response is now accommodatéide structure as depicted in Figure I.11.

W
o
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During the start of the unibfiset of thetransient heating timethe frame part :one striped in orang
in Figure 11.1Q is expected toemain totally cold whethe temperature ahe heat exchang«core
increases rapidlyTherefore plte pack expansion would happen in an envnent which does ni
allow it to occupy more spacen this way, this hypothesimplies surfaces andines in contact to th
frame to remain flat or to be icked in the normal direction t can potentiall slip (in their planes

along the girder. Displacememeé surfaces modelling a gap between the pliagonal and the girds
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Figure I1 .10 - Cross section of the heat exchanger model
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Figure 1. 11 - Boundary conditions imposed on the column liner

and connected to the end edg the “papillote” are finally represente
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Two thicknesses involved
for the “papillote” mesh
- 1Imm (i, ii, iii, iv)

- 3mm (v)

= . _‘1 O, fcry

Figure 11.12 - Stresses concentration comparison with (iii, ivand without (i, ii) column liner

Nevertheless two conditions should be preliminampased. The first one supposes a unit onset as
transient regime, as in this case it seems totimned to foresee a plates expansion in their plahés
physical reaction should normally make the columerl completely pinned against the girder. The
second condition is a consequence of the firstasniéis suggested to neglecapd j in Figure 11.10.
Considering the fact only the bottom part of thedalowill be firstly blocked in z to run a linear
calculation, different responses under a uniforetrtal loading of 90°C are presented in Figure 11.12
Here stress distribution is shown in two corneiist(pes (i) and (iii) in the corrugations direction,
inversely(ii) and(iv) in the opposite one). As expected, it is cleathgayvable that stresses in the
“papillote” sharply decrease (until a value beldw yield stress) thanks to the column liner elégtic

In addition, no more plastic deformation seemsppear in the smooth zones of the plates whatever
the corrugations direction. The influence of thegplotes” thickness has also been investigated.
Effectively, papillote are not directly linked ots iexternal side to the column liner but by the two
folded plate edges with the same thickness weldaedsoboth sides. Therefore in a first approach, a
calculation has been carried out considering &iigiss corresponding to the sum of the three plates
(picture (v) in Figure 11.12). Under the same boanydconditions, it is shown that the whole crossed
plate geometry, including the “papillotes” stayshe elastic domain. Nevertheless, for any thicknes
the relaxation of these “papillotes” seems to dateewith a high stress level in the column lineft: (
Figure 11.12 - iii, iv and v). After several testdis observation is apparently not a consequence
imposed by the girder reaction on the column litvett, rather the supposed compression applied by
static frame panels situated in its extremitiesamy cases, the account of the column liner allows

some mechanical accommodation of the “papillotgilifimg a stress concentration drop.

W
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Reminding the hypothesis of ime constituents supposed thermstable application of their rigidity
is a good alternative to avoithe considerationof volume panels and girds in the model. This
recommendation is very imgtant for the rest of the stucthe possible @stic increase of t
calculation time.n addition to he consideration of further volume eleme¢aking frame into account

would have finallysupposed catact elementintroduction a solution naturally ostly.

[1.4.5.2. Influemce of the welded zone on the strengtansmissior

It is necessary to deal will tharength transmission between the column lirnd the plates pa, in
order to reach the more realistionfiguration olboundary conditiondemindiny that“papillote” is in
fact the superposition of threeiperposed 1mm pla, a more careful look shcs that they are linke
together on each side by laseglding technic. Two mainvertical welded joint are thus respectively
locatedin the middle betweenme column liner and the plates pack going althe z axis, the secol
one (not considered in Figurel8 and introduced in Figure 11.17) beiatjthe level of the folded zon
between plate pack angdpillotes”. Two other torizontal joints are added ats top and bottom pe
in order to anticipate the futt insertion of end platéFigure 11.13 showshow these welded nes
have been introduced in thez model.Their locationsrepresented by greelinks are observabl
corresponding taied displacerents imposed to nodes respectively in frofitome to the other. he
equivalentnumerical tool neec nevertheless a perfect mapped meshing inr to make the welde
joint straight.Having a carefullescription of the model geometry and meshan elastic calculatic
can be carried out.d@indary caditions remairthose depicted in Figure Il.Jexcep from now on top

and bottom lines are blocked z, simulating the presencefuturetop and bottm rigid frame panel

The first thing to note is theariation difference i the stress distribution duo blocking of the to|
part of the structure. If the cann liner does not show so much differenceween picture(v) (cf.
Figure 11.12) andi) (cf. Figure I1.13 wherea uniform temperature loading 00°C is still use), the
“papillote” now exhibitsa largel stress concentration, showing the maglicible influence of the
blocked expansion along tzeaxis Then concerning more precisely the strertransmission analys
between the core and frarpar, the loose of the stresses hgeneity at leasi the platess clearly
observed. Thustresses increa closer to the column liner, where a flee disolacement is allowe
Another interesting point corrns the zone circlein red in Figure 11.13 The modellini of the
welding zone generates stres concentration at the link between the “papil’ and the plates pac
This one appears to be particly locéted at the top of the structuréis worth 10ting that this regio
coincides with the zone whedamage occurs in the real di The important tress concentration
the column liner is finally les expecte, certainly due to a lower temperat increase in the fir:
instant ofthe transient regimel reality thanks to the contact with the coldader. In any cases this
structure would constitute thelementary model for the following builg of the whole 3L

macroscopic model.
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Welded joint:

Figure 11.13 - (i) Description of the welded joints along thenmeof the “papillote”, influence of (iii) welded
joints description on the stress distribution coragao (ii) a modelling describing the superpositid the three
surfaces as one area of 3mm thickness

0 1 2 3 4

Figure 11.14 - Repetition of the elementary model

It is finally important to note that the welding tie plates are considered here only through the
boundary conditions and not by a possible changmeohanical properties certainly caused by the
thermal welding cycle. It has been in fact consédethat the main structural evolution of the 316 L
steel could be an increase of a grain size. Nesledh, due to the fact that laser welding involves

highly isothermal cycle, the phenomenon is considéo be negligible.
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11.5. Construction)f a full 3D FE mode of the exchange

[1.5.1.Repetition of the elementary mode

The global structure of thexchangercore shows effectivelyhat it is built by a superposition of
times the elementary model ¢sed as a paramet according to the plate nurei of the studied case.
Specific commands angrecisey available under ANSYS software to duplicated translal easily a
structure as much as it is necan. In example a stack of twelve times the 1ssed plates geomei
has been built (cf. Figure Il.1&orresponding to a model w 24 platesAn elastic calculation he
been carried out, boundary ditions and thermal loadingtill remaining thesam as the previous
development in Figure I1.13The update meshing and correspondimgsults we plotted (cfFigure
11.14). Sress distribution hereamain globally identical whatever - number o plates considered.
final step of the structure conuction is necessary to poiout the fullstructur: respons, consisting
in the introduction of the engplate in the next. It is neverthelessterestingto highlight that the

elementary model can be easiypeated to obtn the main part of the 3D exchger mode

[1.5.2.Account for the end plate«to reach a full structure description

Simple fixed displacementiave bee previously considered at the botto ard top part of the
exchanger. End platexpansiol is how accounted for teeach a realistic deription of the critica
region between the core and top rigid pane. Thus the fullFE description othe exchanger ca is
presented in Figure 11.15Column liners (described byellow contour) are nw connected to lor
horizontal plates calleénd plies. The main part of tse oneds similar to he other in the cor
showing the same size of cugated zon If the extended parts betweench column liners ai
mainly flat, they are surround by some additional corrugations of the samidity (cf. Figure 11.15
an orange arrows in Figure lIJ1®cated in regior weldel with the inner core 1d column linel. Still
considering a great thermahertia between frame and the inner partthe heat exchange
corresponding boundary conons areglobally described in addition iRigure 11.15 (i, iii). Fixed
displacement (Ux and JUequas to zero) along the external part of the enatesin contacts with
panels(red contour) are presced as well as on the column liner pinned agathe girde Regarding
the endplate, almost the enti surface is submitted to Uz=0, except finalrugations depicted i
Figure 11.15 (ii). Interior blue areas (iii) (corresponding to orange arrow tion) have kept the
freedom to move along z axis corrugation pattern here prevent the contati the end plate. On tt
contrary, nodes located on baitange (top of the column liner)d grey (top d the “papillotes” and
channel borders) linesave bwen blockec In Figure 11.17, a structurechesh and the way to tie
papillotes togethewith the colimn liner and the end plate are represe. Thismesh corresponds to
the coarser one suitable order tc have noinfluence on the stress tributior magnitude,
demonstrated after sevetakts (cf. paragraplll.6.3 on model validation)A second vertical welde

joint is now in additiorobservalle according to the real llding process of thexchaiger.
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Full end plate in contact
with top panel except
corrugations in (ii): u=0

Contact with
the girder

Blue area interiors|
free to move f

(iii) y N
X —

Figure 11.15 - End plates in the macroscopic FE model and (ijesponding global boundary conditions, (ii)
local representation of particular corrugations Hradr rigid direction, (iii) influence on the bodary conditions

Additional

» _~| corrugation
7 _

=z

Classical corrugations
pattern “K”

Figure 11.16 - Additional corrugations on the end plate - Zoonfrigfure 11.1 (a)
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[1.5.3.Influence of the end plate on the stress distributio

A linear thermomechanical inestigation has been so carried on a40 plaes CPKP7 (750mm
edge length) model bgrescribng a uniform temperature interval of167K on thewhole structure.
This particular configuration as been chosen in order prepareits future Lse in a fatigue life
prediction application to bgresented later in this chap. In Figure 11.18, quivalentVon Mises stress
distribution is presented. Bypoking deepl in the regions where stressncantratesa noticeable
increase of intensitys obserable near the edge between the end plahd the column lin.
Corrugations direction of the1d plate ispointed out by heterogeneossessdistribution along th
corners, while the plate packmairs in the elastic domain. End plate cornleatec in the highest
stress concentration diagorstlow a transfer of thpeak stress in theeighbairing “papillote” less
than corners locatedn the perpendicular corrugations directiorictually, noticeable stress
concentration is observabheal the edge between ' end plate and the colunlineras well as at the
level of the first plate just belv (pictures (i) and (ii) in Figure 11.18). THess of rigidity of the end
plate in this directiomllow the first plate just below to overstr the “papillote$ due this time to the
meet of its corrugationsn this way, this reon having shown fracture in prace will be considere
as the critical zone of the excnger durabilit. Picture (iii) makes finally a zom of the external pa
of the exchanger core showimat column liner still shows a relatively highess level whtever the
corner, even though it is not bwn as potential damage zone in practice. T.ould be explained t
the thermal field applied hesghich involves higher temperature than the rone due to its contact
with a supposed cold girder. hny caseaccounted foa detailed description the end plates is tht
shown necessary. Observatiarfsthe stress distribution in the critical rey connecting to the er

plateshows a peak stress duethe end pla expansion in faced to a frame part.

A 3D FE desription of the eichanger core is now available. This modes been parameteriz
allowing to be able teasily vayy different features such as the plate numtiergeometrical length,
meshing, or thenaterial modes (i.e. for corrugations patternasticity aspec beng introduced in
chapter 3) The first mechanal response observations result untii nowm a model buildin
procedure developed involvir an accurate representation of “papillote” environment. Havin
made some hypothesis and t particular numerical tools (as tied displaceits), the model seer
thus to be in agreement witome reported damage cases by showing crizone location locate
mainly in the corners. If stresevels still remain high, the use ¢ nondinear nateral model should
be necessary concerns. Neveless, it could be also due to the strong bory conditions implie
coming from the assumptiasf a rigid frame pe during the first instant of thigansient regins. The
last part of this chapter hdsstly allowed to validate the assumpti@oncarning the exchang
response during transient ree through an experimental fatigue tests ortotypes. ‘o conclude
about the model efficiengyhe observation of stress concentra location (cf.Figurell.18) has then

helpedto judiciously choose tF region where strain gauchave beemmplemened on the exchanc.
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Figure 11.18 - VM stress distribution on a 40 plates CPK75 heahanger
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11.6. Firstvalidation of the 3D FE model

[1.6.1.Exchanger desigi and thermal fatigue test introduction

A first thermal fatigue test on macroscopic prototype has beerpared by th Lars Fogelberg tec
at the Thermal Product Test:nte of Alfa Laval Lund AB. The heat exchger tested has beer
CPX120made of 120mm edgwith only 1 pass, i.e. a single hot/cold circianhd 20 plates. At thi
moment, it was the only aveble exchanger suggested bifa Laval, but nfortunatel the core
designwas different from the eestudied until now. If the sizes and thickneariations can be easi
taken into account by geonrical parameters involved in the modellirthe “X” (in the hea
exchanger denomination) imps another corrugations pern with a slight diferent anisotrop. In
this way, the current anisotro| material definition will assume to not have auch influence on th
stress distribution. Thergdicions of the 3D FE modehave been thercompared to strains
measurement on a teaxchangr subjected to a simplified thermal fatigue lathe corresponding F
model being represented kigure 11.19. Only one of the 2 channelas bee used to make fluic
circulatingin the exchanger, tt second remaining drA more uniform tempeiture fielddistribution
can be thus expectedllowing ¢ simpler application of a thermal loadi for the mechanic:
comparison. Two alternatdtt flow (80°C, maximum temperature allowed t strain gauges) and
cold water (12°C) during two rcles of time will be considered. The test hasn performed at roo
temperature and the time swo change from cold to warm temperaturel inversely has bee¢

prescribed (cf. Figure 11.20).

[1.6.2.Boundary conditians justification by local temperatire analysis

The goalof this thermal analyis is to justify the assumption ofthermal inetia of the frame part
compared to the coreglating koundary conditions with a rigid fral. In this way, the study consis
here inrecording the temperae variations in specific locatiornisetween thin lates and thick fran
panels. As described iRigure 11.21, 10 thermocouples have been weldedboth wet and dr
channels. Inhe case of the =t channel, there are 2 main measuremenits on the plate pac
directly in front of the flow Th. 1 and 2) in order to observe core temiture rise Two other
thermocouples (Thb and 6) repectivelylocated in the internal and exterrsadle of the frame pan
has allowed tanake the compiison witt the frame temperature variatiofhe iternal one is directl

in contact with the fluid wheres the external is totalsubmergedn the air at rom temperatur

The system obviously losingea in duty, the external side of the frame wilach an asymptotic
temperature lower than one oe ho after a certain. As a consequernite velcity variation of thes

thick frame panel sides will beery low To conclude concerning the thermatrtia of the frame part
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and the possibility to consider it rigid at the enef the transient regime, it is necessary to tpoirt

the time needed for this last one to start the &gatpre increase and to reach its maximum.

B side - Dry channel

Figure 11.19 - Finite element model of the prototype structustee in Alfa Laval Lund AB

Temp. (°C) '
Hot water

8C

Water Time (min)

0 30 6C ... 105

Figure 11.20 - Mean thermal load in the plate pack

12
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Figure 11.21 - Locations of the thermocouples

Beginning of the framexpansio
85 /
80 lﬁ —
75 — S
70 AN | Plate pack
\ v
65 I I
60 ! Core atthe I
7 s | hotfluidT°C | Internal side
© ' . of the fram:
E > ' - ' /
45
£ 40 ———1—' | _— ;
“as | | — neo
o L) Atinertia H _~ External side 0
[ =T6 (°C)
e e of the frami
20 I jl/
| |

15
10 P’ 1 1 1 1 1 1 1 1 1 1 1 1 1 J

3780 3810 3840 3870 3900 3930 3960 3990 4020 4050 4080 4110 4140 4170 4200
Timeins

Figure 11.22 - Temperaturevariation on the plate pack and on the internal/exksice of the frame panel

Temperature variation dhermicouple¢ 1 (directly in front of the flow on the ate pack, 5 (internal
side of the frame panel) anditernal side of the frarpanel) are considered figurell.22. The two
green straight lineare related ) both cold and hot fluid temperature, respedy 12 and 80°CThus
thermocouple Ishows a veryjuick temperaturincrease of theplate pack, eachingthe maximal

temperature in less th80 seond:. Although, thermocoupl® seems to beg to react in the san
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time, even a little bit sooner (probably due to gjaéck contact of the fluid with the thermocouplile
growth is then clearly slighter. Progressivelysthiternal frame temperature will reach the maximal
one in an asymptotical way. This conduction veloat even slower considering thermocouple 6 in
the external side of the frame part, panels thiskrere assuming to play a non-negligible roldén t
thermal transfer process. Starting from the roompterature as the exchanger being not insulated,
thermocouple 6 exhibits an onset of increase ateatminutes after the thermocouple 1 reached its
maximum temperature. In addition, the analysishef full temperature cycle in appendix show that
this temperature need more than 45 minutes toligefait a value of 70°C, when the internal side
takes almost 20 minutes to reach the thee hot tentperature. Thus, if the strongest frame effact o
the core occurs in fact in the earliest stageshefttansient regime, this kind of loading on this
exchanger design shows that “papillotes” will baded in a decreasing magnitude during almost 45
minutes. In any cases, this time interval corredpan to the thermal inertia of the frame is
sufficiently important to suppose a totally rigidfne part in the earlier moments of duty. In thas/w

it seems to be realistic to avoid the frame partsateration the FE exchanger modelling by directly

taking into account its reaction with rigid boungaonditions as reported in Figure 11.15.

R
G5
H/4
H/2

()
« | G4 fH cs3
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M O.,/0,
0o 1 2 3 4 5 6 7 8

Figure 11.23 - Zoom on the (ii) strain gauges dposition accordin) the stress distribution
[1.6.3.Validation of the FE model

11.6.3.1. Location of the strain gauges
From the observation of the existing thermal iedi the frame and supposing boundary conditions
reported in Figure .15, strains recorded in dbty specific strain gauges placed at appropriated
locations (cf. Figure 11.23) with numerical straipsedicted by the finite element simulation can now

be compared. Figure 11.23 shows (ii) the positio® @auges (Rosette of 3 elements, type FRA-1-17-
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5L) recording strains along 3Jirectionsin a planedescribed on the same fure According to (i)

previous local stress distributi observatio, two of them are located in theinity of the “papillotes”

far from the corners to prevenbnes oipossible high plasticity gradiertiowever locate: in the zone
where stresses concentrajauge: 1 and 3 are expected to givesight of the nagnitud: of the stress
heterogeneity reported in tpeevious therm-elastic calculations.

The three others have bepnsitionec on other locationsvhere less deformion is expecte. The
gauges 2 and 4 are thiegated alon¢ the column liner, when the gaugéhas leen gluewn the end
plate. Howeveronly three gaues haveébeen able to give exploitable resulisvo of themare situated
along the “papillotes” (numbel and 3) and one another (numberlocatedon the profile in the
middle of the pasd.ocal strairs variation as a function of the time e three location is depicted
Figure 1l.24for two cycles of leating/cooling. The change of fluid temperatis clealy remarkable
by a sharpvariation of the stin intensity.A first observation of the resu pertinence shows

discrepancy along x axis in gge 1 and isudden sharp growth of the y stran the second heatir
cycle in gauge 3.
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Figure 11.24 - Local strain gauges for 1, 2 and 3
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11.6.3.2. Strain variation analysis and processing
A cycle of heating up to 80°C and cooling down ®'Q is represented and repeated one time in
Figure I1.24. The three gauges points out a fitse variation of the strain response followed by a
plateau. This sequence is clearly reproducibldgifergauge 2. Regarding the gauge 3, each branch of
the variation is quantitatively comparable althowmghplateau is observed in the second cycle. For th
gauge 1, the two branches along the vertical anddrdal direction are reproducible, not hat at #b5°
blue. The records of the first cycle are expectetid reliable, the cyclic repetition of the fluidw
being able to have damaged the gauges 1 and 3. thesm experimental records in Figure 11.24, the
components of the plane principal strain have beerived in Figure 11.25 by the methodology

described in appendix. The longitudinal compongmfiven in blue when the transverse in red.

The first graphic (i) shows the strain variation fioee gauge 1 located on the “papillotes” in theldie

of the pass. The different response between thetéwgperature rises is here confirmed, the two
components showing diverging variation in each €y®uring both heating and cooling, the two
principal strains seem to reach quasi instantamgauglateau. Regarding the gauge 3 (iii) located o
the “papillotes” closed to the end plate (cf. Fguk23), the second heating cycle still shows some
non-stable response. It is nevertheless interestimmpint out the similar response (in intensityl an
curvature) between gauges 1 and 3 despite theilistpicks noticed for gauge 1 during cycle 1.eTh
gauge 2 located on the column liner in the middléhe pass near the junction with the “papillotes”
still exhibits a comparable variation during theoteycles. This can be explained by the particylarit

to point out no more longitudinal strain during g, as an elastic comeback to the initial stage.

Whatever the gauges considered, the transient esgitearly underline a steep strain variation eelat

to the cyclic thermal load. Three points circle fmich gauges in Figure 11.25 are used for the
comparison. The minimal and maximal values deliimit error bar around a medium value supposed
to be the most representative. Having now introduaeway to carry out a comparison from the
experimental results analysis with the predictidtigure 11.26 gives a procedure to read represeetat
equivalent numerical strain concerning gauges 13afdhus, mesh size analysis is introduced to study

more carefully its influence on the local respoimstine critical zones.

11.6.3.3. Comparison with the FE predictions and discussion
Two types of “papillote” mesh are presented hereramthe 3 tested to analyse their influence on the
mechanical response (cf. Figure 11.26). The firs¢ ased until now is noted A, the structure debnit
being then refined two times to make the mesh Basend again 2 times to obtain finally mesh case
C. Considering each mesh size, a green regionse® the zone covered in the experiment by the
gauge 1 or 3. It takes respectively into accour2®and 81 nodes for mesh cases (A), (B) and (C)

mesh.
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Figure 11.26 - Different mes refinements used to describe the “pate”

The longitudinal straincalculeted from each me refinement of the greezone is respectively
presented in red in Figure 2 for the comparisonkFor each gauges depling of the mesh,n

average value of the respectiprincipal strair and its standard deviation foie interval errc have
been extracted across area ccresponding of the gauge surf. The dfference between minimal ar
maximalstrain compared to tt average value corresponds to one tim stancard deviatio. On the
abscissa, is represented the je number from 1 to 3. Concerning gauge per3, no information
were available concerning thcorrugations orientation of the closer end . Therefore the san
experimental value, points 3 d 4 respectively make themparison withthe gredictior taken in the
corrugations direction and ime opposite on The stress concentrati@actually maximum in the
second case therefore psssille influence is examined herRegarding the :xperimental part, tr

mean valueand interval of the :corde: prindpal strains (corresponding to circintroduced in Figure
[1.25) are reported in blue iRigurell.27. In all cases, the major principal st ¢_ is considered for

the comparison.

The experimental values are bally smaller than the predicted one. Their rag¢ is around 0.10%
while the predicted range val from 0.15 to 0.50%. The predict for the gauge 2located on the
column liner ot depending ¢ the mesh refinemeror corrugations directignis very close to th
experimental one (almost & versus 0.10). As previously shown inFigure I1.25 (ii), this
observation can be explained the fact the this region points outo strain grdien compared to the
“papillote”, thusinvolving no ¢yclic hardening effec On the contrarythose fir the gauges 1 and
close to the corners where aess concentration is observed exhibit a larciscrepanc. Actually,
having a look at the vadis distroution at each nodes, the ones presentiagive good agreements are
situated far from thénumerica) welded joint, the strains appearing to incresharply getting clos:
to it. In this way, if the miniml numerical value is of the same order of mtude compared to the
experiment (always for gaugl and 3),strain heterogeneitimplying a certen incertitude interval
gives additional difficulty to make a representative compar. Gauge 3 positioned in the

perpendicular direction of the d plate showa slight higher strain level.
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Figure 11.27 - Comparison of experimental and predicted firshgipal strain

for the 3 meshing refinements (i) A, (ii) B and)(C of the green zone
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Figure 11.28 - Comparison of xperimental and predictditst principal strain

for 2 mesiing refinements (iv) B and (v) C of the yellowne

Comparing different meshingises (A), (B) and (C a clear influence of theefinement on the strair
heterogeneity is also observetttually, decreasing mesh division size tend increase strain mei
value as well ags heterogenei. This one can be so explaineddgharp increse o the strains along
the welded joint, certainly due the use of tie displacementtiéke it into con«deraion. In this way,
Figure Il.26also introduces a wyto reduce the interestedgion size by remoug the nodes closed
the welding zone in order wet back the yellow zonfor meshing B (9 nodes].he same region si:
refinement is also cardeout or meshing C (25 nod) allowing to take into accuntstrain distribution
heterogeneity as possill@certinty about gauges position (cf. Figure 11.28heTstrains decreased of
more than 30% per cent for gjes 1 and in Figure 11.28 (iv) compared tBigurell.27 (ii).
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If tied displacements can model in a strong waywieéded joint, in practice forces transfer between
frame and plate pack through these ones can exgdiitional local dropped strains. It is importsmt
remind that residual stresses due to the weldioggss could also been involved although it is here
difficult to give a rough idea of their value. Imyacases, if the gauge located in the perpendicular
corrugations direction still shows higher straiteirsity, considering values a little bit far frotmet
welded joints implies lower heterogeneities moreagequacy with experimental results. A lower
influence of the mesh refinement is finally obséteaas a slight diminution of the mean value

intensity is detectable in Figure 11.28.

11.6.3.4. Possible origins of the discrepancy
In this part, the features potentially responsifile the discrepancy between experimental and
predicted results are discussed. Even firstly amgig the lower experimental values in the Figure
11.27 and Figure 11.28, the first thing to notetlgat plasticity appears to be already involvedha t
“papillotes” for this kind of thought “light” loadig. As expected, material model used were not
adequate for this study in a first approach justdyits first coarse introduction in the last graph).
This observation naturally implies the necessitydéscribe the real behaviour of rolled 316L steel

under cyclic plastic loading.

The thermal loading used in the FE simulation daa have a patrticular influence in regions closed t
the frame as the column liner. If experiment cdondi have been thought to make the thermal loading
as uniform as possible, recorded temperature i@mgatlose to the end plate show that the thermal
field does not reach the maximal value (80°C). Atiyuthermocouple 9 precisely situated in the dry
channel (between the end plate and the top pagatd-il.21) shows a very slow temperature growth
during hot fluid circulation (cf. appendix). Wheseplate pack has already reached 80°C in the earlie
critical stage, temperature there has only incika$&°C reaching a maximum of 30°C at the end of
the transient regime. Thus, it would have beerr@steng to make the fluid flowing directly in conta
with the end plate. Actually, it implies that theiferm thermal loading considered in the cornethef
numerical study should overestimate the real fleithperature there and globally in the whole dry
channel. This phenomenon is even more expectechencalumn liner situated in this channel,
exhibiting no temperature variation due to its eshtwith the cold girder. It could be so explairlee
high numerical mean value of the local strain ie thapillote”. In this way column liner in contact
with the girder could also show a slighter increadethe temperature and probably a lower

temperature would have to be applied there.

Numerical strain heterogeneity in the corners hesnbalso identified as a possible explanation of
intensities overestimation. In fact, the gaugethis location are covering a region with possitighh
strain gradient between two nodes side by sidelyimgp local magnitude beyond the range of the

gauge.
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11.6.3.5. Conclusion is this first thermal tes
Faced to the low strains invold in this stud, FEM seems to have reached aitive good descriptic
of the structure reactiom senice, at least in a monotonic loading case hBefore characterisin
material description influence ithe structure responsmore experimental fatise tests need natura
to be performed to comm these relative good results, as simply fii carrying out a test on th
corresponding exchanger type utilizing the good channel to make the endes (and corners) mc
solicited. As doubt remains oncerning the accurate gauges dispositior addition to a higl

numerical strain heterogeneithijg firstcomparisoncan be taken as very encaging

The comparisometween the ederiments and the predictions is good for ga2, as some points &
acceptable for gauge 1 and 3 this case some discrepancy is observat canoriginate from stress
concentratiorother different prameters. Actuallyhe heat exchang€&2PX12( is also composed
plates manufactured withstightly different corrugation pattern compared to “K” form considered
here inducing a change in thelate rigidity reaction on th*papillotes”. In addiion, this type of hee
exchanger involved thicker ples (1,2mm) meaning a differerolling strainand an eventual elas
material parameters evolutioft. is also necessarto notethat this prototyp had been used in
previous thermal fatigue testr another project application, probably indig a material alreac
hardened.Finally coming bac tc the boundary contions and their stron influence, the mai
hypothesis usetb determine thm has been so validated during the first panh of this parll.6. To
be complete, these ones haween then updatethanks to this analysis byptroducing move free

(along z axis) blue zone (exced orange and black lines) of the end plateFigurell.15).
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1I.7. Second thermal test for evaluating the FE model

[1.7.1.Design of the prototype and test specifications

The design of the tested unit is this time a 4@gslaCPK75 prototype (cf. Figure 11.29). As the
previous test, the heat exchanger is subjectedSteam /Water thermal load imposed at the A-Side
(cf. Figure 11.19). The test has been also perfara@eroom temperature at the Thermal Products Test
Centre of Alfa Laval Lund AB. If localization of ¢hfatigue failure and the corresponding number
cycle at which it occurs is the main goal of thastt(cf. Chapter 3), the objective is also to yettife

model developed in a configuration closer to okeranto account.

The cyclic thermal loading has been conducted awnshn Figure 11.30. One test cycle includes the
heat up with a 180°C steam during 20 minutes aacdctioling down to 15 °C (with the same ramp)
during one half hour, separating by 20 secondsaihohg or emptying. Being able to carry out a eycl
of maximum 50 minutes, both heat and cooling lertgiiie been chosen in order to allow to reach
temperature stabilization of the frame part (réfgrto the last thermal analysis in Figure 11.2Bhis
aspect is actually mandatory to make sure thabélae exchanger solicitations in service are resplect
A-side have been this time chosen to involve erdeplin contact with the fluid in order to be as

closed as possible of a homogeneous thermal fielthé future comparison with the prediction.
Five strain gauges have been glued along the ‘Ipggsl’ in the dry circuit (cf.

Figure 1131) allowing measurements in the same 3 directioas the previous thermal fatigue test.
Their positions have been chosen to allow a mooarrate appreciation of strain variation in the

W
o
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“papillote” plane. In Table Il.4gauges location is reportedong z axis as function of the plat

numbering.
Temp. (°C) 4
Steam
180 ;
Water . .
13 - —p Time (min

0 20 50

Figure 11.30 - Mean thermal load in the plate pack

Figure 11.31 - Location of the 4train gauges along the “papillc

Gauge 1 Gauge 2 Gauge 3 Gauged
Plates numbet 2/38 6/38 18/38 37/3¢

Table 11.4 - Accurate gauges positi as a function of the plate nurering

Actually among adtal of 38 inthe core, numbering starts inside the top ente corner from whic|
corrugations of the closest enlate is in the perpendicular direct. It could have been neverthele
more interesting to put gaugene and five respectively at the level 1/38 an/38 to be in adequar
with critical zone pointeaut in Figure 11.18.Due to manufacturing reasonsy place was availab

there in practice therefore theave been moved at the level of the plate juarby.In addition, five
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thermocouples have been respectively welded clasedch strain gauge and 10 other in the rest of
the exchanger to confirm the graph obtained in freigu22.
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Figure 11.32 - Experimente local strains for gauges 1 &dlosed to thecorner
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Figure 11.33 - Experimental local strains for gauges 2 & 3 fanirthe corners

[1.7.2.Results analysis

In Figure 11.32 and Figure 11.33, strain variatierordings during the heating and cooling of thst fi
cycle are reported respectively for gauges 1 anithel) 2 and 3. For each gauge, the three curves
correspond to the three axis x, y andmith (x,y) = 90°, (x,%) = 45° = (x,y), X and y approximately
belonging along the horizontal and vertical direwatilt is worth noting that during the heating eycl
no plateau is reached for any gauge neither otigeaf component. This is likely due to a sequerfce o
heating the core with the frame remaining coldwghg a temperature progressively increasing. Thus
the magnitude of the strain record during the firsbhsient regime has been used. The values réporte
here do not account for a temperature dependenteoialy the strain gauge factor is considered.
Figure 11.32 also point out the expected differen€behaviour thanks to the corner position faaed t
the corrugations orientation of the end platenlttie perpendicular orientation, papillote is mabée

to deform along its x length, y strain show a louweensity. It is nevertheless difficult here tokea
any parallel of strains variation with the previahermal fatigue test in Figure 11.24 due different
gauges position except possibly gauge 3. In thge,cthe behaviour seems to differ completely
supposing that too much discrepancies are invdbeddeen both experiments to point out an eventual
correlation. Actually, exchanger size, plate thiess, corrugations pattern, thermal loading and
particularly plates number have evaluated sincdasietime. The involved plate number could be the

W
o
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parameter the most influencimere. Keepingn mind similarities between theree gauges recordin
in the last experiment, consichg an exchanger with a higher plate nun here seems to show that

the “papillote”is able to show iless constrai response far from the corners.

In Figure 11.34, principal planstrains variations are reported for the gaug, 4 (i) and 2, 3 (ii) Their
magnitude ranges from 0.00 0.20% (i), 0.00 to 0.09% (ii) for the maximabmponen and from 0.00
to -0.12% (i), 0.00 to 0.17% (ifpr the minimal component. The circles repoihere also indicate tt
mean and interval error valuaused for the comparison with the predict Analysing globally ata
evolution, almost no recordinqstability is observed for the four gaugPrincigal strains variation of
gauge 4 representative of theorner situated in the corrugation diag) shows stabilization very
quickly after the first steedecreas. Thus after the first stages of the trans regime (or once tt
start-up of the unitarried out 1 the reality), this corner seems to show no:h reaction due to tf
exchanger working. On the crrary,the gauge 1 points out strain state still ying in an asymptotic
way after a first pick at the fyinning of the heating. Both curvseem also) potentially reach an
maximal absolutevalue soon ifter the end of the hot fluid circulation. Inis way, relaxation c
corners situated in the perpeculal direction to the corrugations of the eplate seems to imp
another transient effect in a ©nd stage. This second step of strain incree not negligible in th
life durability process as 316Lteel described by a hardening composed of gf. Chepter 3) implied
locally a strain amplitde still increasing during the fu heating cycle
Unlike gauge 4, only a smallbbmpressive state remains after a small straaxation meaning thi
reversed strain path necesszo imply cyclic effect in the lowcycle fatigue process seems to
reached from a certain time cold fluid circulation. Thus, inertia frame effeseems to have a mc
detrimental influence in the ¢ner closed to the gauge 1, according to tupposed critical zor
localization. Figure Il.34also exhibits resultsfor gauges 2 and 3 in graph). Here strains sho

globally the same evolution atlower intensity leve
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Figure 11.34 - Experimente first principal strains for gauges (i) 1 & @i) 2 & 3
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Figure 11.35 - Firstexperinenta principal strain comparison tm elastic FE sirilationresponse

[1.7.3.Comparison with linear FE simulation and discussin

For this second comparisonise,the parameterized model is used with: proper dimensio.
Referring to Figure 11.3@nd temperature evolution in appenc a uniform tenperature of 167°(is
prescribedor the elastic calcution on the exchanger struct (cf. Figure 11.35(i)). Both mean value
and errors bar are determin with the same method in théirst thermal fatigue test analys
(Extracting).The first thing to mtefrom the experimental blue poirtsthat the" intensities remain ¢
the same order of magnitudempared to tt last experiment (cf. Figure 11.28)his observation coul
be explainedoy an equivaleninfluence of a highetemperature amplituden one cas faced to a
bigger plate expansionapacit on the “papillote” response in the loer on. The average strain
predicted by the model is apgimately two times larger than the experimeione, the gauges 1 a
4 at the corners showing hicr values than gauges 2 ar far from these ne:. This variation is
quantitatively in agreementith the experimental values (Figure 1l.32comgared taFigure 11.33).
In any casethis last one showa slight decrease of the strain dispersion aterogeneity making th
error interval smaller, singulatodes situated closer to the central welded hi not been considere
The difficulty here is to determe the origin of thisdiscrepancy. Numerical tiedisplacemen should
have the tendency nhance tt strength transmission between column linel plate pacl The high
temperature of the hot fluid osen to reach relatively quickly the failure fbe fatigue analysis i

Chaper 3 could also be inlved. Actually, it could have caused poss gauge dysfunctiol
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However, a high temperature can potentially inaetie thermal field heterogeneity, making the
uniform temperature loading used in the calculasafficiently coarse to cause these discrepancies.

The assumption of a linear elastic response iflyiagso questionable.

[I.7.4.Thermal tests summary

Two thermal fatigue tests have been performed #&uate the heat exchanger structure model for
simplified configurations. The record of the tengiares variation between the plate pack and the
frame during thermal cyclic loads has evidenceleanbal inertia between these two parts, the panels
reaction being always deleted in time. This obg@wmahas especially motivated the use of fixed
displacements at the core - frame boundary, prangerihe consideration of this last one in the
modelling. Strain gauges measurements mainly Idcatelifferent places along the “papillotes” have
been compared to numerical prediction obtained Hey EE model. For the two validation tests
performed during this work, the comparison betwdba measures and the numerical results
guantitatively in agreement. The magnitude of ttrairss on the “papillotes” is maximum near the
corners and minimum in the center of the plate pdak some extent, these are quantitatively in
agreement with the experiments. Thus, thanks téhixenal analysis, the boundary conditions seem to
be able to reproduce the “papillote” response adtléar from the corners. If corners often showhhig
values dispersion, high strain concentration idglly also observed, potentially consistent with th

analysis of the Trouble Shooting Department frorfaAlaval Vicarb.

The discrepancy between measures and predictionriginate in an over simplified temperature
loading, mainly in the second case which is likelype non-uniform. Details related to the desaipti

of the welded joints have also shown to induce dalgterogeneities in the estimation of the
deformation, tied displacements representing aivelaonservative and rigid way to consider them. |
is finally important to keep in mind that the galthe parts 11.6 and 0 was to validate structural
behaviour of the heat exchanger structure withautiqularly utilizing a thermal load. If experiment
have been designed to make the temperature disbrbas uniform as possible, it has been pointed
out that it is not really the case, mainly in thig dhannel. This point has previously been expetted
be at the origin of the potential divergence in¢beners. A potential way to get round of this peotn
should have to make circulating alternatively hatl &luid in the two channels. However, the
modelling of the structure presented here is showeful as a marker of regions where stress
concentrates and where damage and failure are texpelhis requires a realistic description of the
elastic-plastic response of the material and tleeafi@a specific criterion for failure to be presahin

the sequel.
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[II. LOCAL MATERIAL BEHAVIOUR IN A LOW CYCLE

FATIGUE (LCF) REGIME

The region of the exchangers where the stress ntates are now identified in the analysis of the
structure reported in Chapter 1. In the present ga elastic-plastic mechanical response of 6.3
steel under consideration | identified with the oéeombined isotropic and kinematic hardening. An
energy equivalent method is proposed to estima&tentdgnitude of the equivalent plastic deformation
from the analysis at the level of the structurds®stimation is used to predict the exchangeifide

a Manson-Coffin criterion identified in the low dgcfatigue regime. The prediction is finally

compared to available experimental data.
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11.2. Identification of the plastic material response

Compact welded heat exchangers are designed tsdokim severe operating conditions (temperature,
pressure and aggressive fluid for instance). Fatfgiure has been observed after relatively loaley
number (less than 1000 in laboratory tests). Timesassumption that large cyclic strains due to
thermo-mechanical cyclic loads seems to be valid #me description with an elastic-plastic
constitutive law appears to be necessary to constdaless steel sheet of one 1mm thickness.ign th
way, a combined non-linear hardening model for natiependent plasticity has been identified. This
material model accounts for an isotropic hardenthgracterized by a Voce formulation and a
kinematic part based on a Armstrong-Fredericks rifggm (1966) [1]. It presents the advantage to
have a popularity making this model already impletad in several commercial finite element codes.
Within the framework of generalised standart matepresented by Lemaitre and Chaboche [1] and

related normality rules, the rate independent deatsan of plasticity is based on the yield surface

fX,p,0) =(6—X)—R(p) — oy (3.1)

whereoy is the initial yield stress®(p) the isotropic hardenings the cumulated plastic straiX;the
kinematic hardening ane denoting the equivalent Von Mises strg8g,. The response would be
elastic forf < 0, f = 0 andf = 0 defining the conditions for plasticity. The Voashulation for the

isotropic hardening is

R(p) = Re(1 —e7"P) (3.2)

R., andb being material parameters, p defined as

t ’ (3.3)
p =f0 géfj(r):éf)j(r)dr

The kinematic stress tensor is initially null andries according to the Armstrong-Fredericks

formulation
) 2 » )
Xij = §C(P): & —v()Xyp (3.4)
with (3.5
s _ 2 D, D
P= [38i°E;

C andy being kinematic hardening parameters. The rolgisfprecisely here to determine the rate at
which the saturation value of kinematic hardeniegrdases with the increase of plastic strairC If

andy are supposed to be constants, the saturatiorckfdbeess in the reversed load part is the same in

W
o
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the first cyclecomparable to aionotonic tensile te: For such models, theate'ial parameters shou
be identified fromavailable eperimental data. In this way two differentperiments have be

carried out and presented in tfollowing

.2.1.

Cyclic mechanical testseed tc be performed tobtain the behaviour of the ateria hardening as a

Combined hrdening characlization

function of the time (numberf cycles).Cyclic stress-strain curves neadtuélly to be provided to
calibrate a cyclic material harning model pointing out kinematic hardeningtribution. In the cas
of constitutive equations invohg cyclic hardening, reversed strain path shcbe taken into accou

by experimental tests, such &nson-compression, bendingabending or plaar simple shear tes
Alternated tests are necessito investigate the Bauschinger effeand ewdence the kinemati
hardening. In a bulk, this is ually performed with uniaxial tension/compre« tests. In th¢present
case the procedure is not traible as sheets with a thickness as smi 1mm are likely to buckl
under compression. Thus anernated bending device available at LAMC Laboratory has be
chosen. Thenechanical charaerization has beeperfamed at the test centre :canium INSA Lyon,

Villeurbanne, 69) and ipresened inFigure 1ll.1. $ecimens have here a panlar shape involving

narow strips (w=5mm). The jesence of ththree slots helps to prevent aelastic curvature of tk
sheet in the y directiorpermtting to make the assumption of plane st state c,,=0) in the
specimen.The experiment cosists it prescribingthe rotation of the mobile -ip in an anglerange
varying from 0 to 165°, thenrom -165 to 165°, 165 to5° and finally from-5 to 0°, making the
specimen bentnbent during vo cycles. The couple is finally recorded d related the bendir

moment.

11.2.2.

The Figure lll.2show the variion of the stre«strain component along the =ction of the bendin

Hardening m@rametel identification

for the case o&n alternated loding with a material exhibiting an isotropic haning only and anothi
having a combined isotropic/iematic hardenir. The first loading is referrewith index 1 and th
next opposite load has index After a loading up tw;, the oppose loading results inc,* for a
material with a pure isotropihardening model anc,™ for a combined kiematic and isotropi
responseThe identification of he kinematic hardening parameters is carriet in two steps [3]for
the estimation of” andy. The essumption of a constant stress in eact-thickness i thus made and

axial stress is given by:

mix AMEP ()
2 = WT?2 (3.6)
iso _ 4M'> ()
2 T wre 3.7)
-4
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Figure 1.1 - Device for the alternated bending test and itsesponding sample geometry

(The width of the strip is w = 4.25mm, the leng#irty L = 59mm)
1oy Tensile test
ENSHE 125
a; Te s
R, |R
X 1 — X 1 XZ X
X W // P
3
i
R, Mixed model
o = "'// Isotropic model
a
Figure 111.2 - Identification methodology based on tension-corsgian diagram

(from Carbonniére et al. [3], 2009)
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With M®® the experimental beding moment appli,, t the thickness an&/ = 4w the total width, ;
direction being defined ifigure Ill.1. The isotropic hardening parameters iined from the tensil
tests presented in ChaptefTable 1.1 from which their first use in a simulan of thebending test
have given M°. One can shoy8] that the initial identification ofC and y is the result of the stre:
difference Ac (between numecal isotropic and experiment combined hailing case) during tf

opposite bending time (dfigura 111.2). From a uniaxial stress configuration, an be writter

o' =X, ~ R, (3.8)
iso iso ¢ 14
with RZ = —03 " — XZ = —03" — ;(1 — exp(—yez )) (39)
¢ p
assuming X1 = v (1—exp(-ve7)) (3.10)
C C
X, = —; + (Xl + ;) exp (—y(sg - sf)) (3.11)

where £ and &, are respectizly the equivalent plastic strain at location$ &ind “2”. Considering

materialcharacterized in the rety by a mixed hardenit (meanings®® = 6™), one can obtaed:

o7 = " = 2Xsexp (—y(ef — 1)) @.12)
from which a linearization is alied by a logarithmic functic

In(o3"™* — 65°) = In(2X,) —y (e} — &) (3.13)

Equation (1.1Bwith several loations “2” (but only the location “1” once thending stage finishe:
has giveny and X; (giving itsef €). Knowing the first set of € y), more equialent computations
each integration point throughe thickness give more othvalues couples. e couple showing tr

best accuracwith the experimatal data has be kept.

11.2.3. Results andliscussio

This test has been performidlee times to check its reproducibility. Figure IlisBows the moment i
a function of the curvature codering one bendi-unbending loading test faold rollec 316L steel.
If no kinematichardening effecis normally visible in the loading case, it Iearly pointed out whe
this last one is reversed. Thu: shows that isotropic hardening model usézhe does not fit so we
the experimental curve in tl second caseCyclic material lehaviour appars to beaccurately
describedby a combined halening model (orange dotted lineExcellent correlation isfinally

observable considering modified Voce law including also some additiotkinematic hardenin

parameter (asuggested by Maenum but not used in the present study).
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—
- [
g /4
Z
-
g
E - 75 _0) > -500 > >
2 ]
= 1000 Inversion
Opposite QI\:' I \4—= — =
bending ||~/ 1500412 — '/
,,,,,,, —— e — =
— I
2500
-3666 I
Curvature (mm)
Experiment with machine stiffness = ]sotropic hardening
Combined hardening

Figure 111.3 — Experimental and predicted moment vs curvatureation

Quantity | TestA TestB Test C
Q 620 686 621
b 2,659 2,258 2,131
C 1313 1433 1658
y 3,585 4,220 4,046

Table 111.1 - Summary of the identified kinematic and isotropicgreeter:

In Table lll.1are recapitulateooth kinematic and isotropic hardening pararrs for the 3 testThe
values of the parameters diot show large variations whatever the se considered. In tr
following, average values he been consideredt can be finally noticedhat Young modulus
Poisson’s ration as well as Yd stress at 0.2% will be kept from uniaxial tle test as this loadir

configuration seems to best dribe theloading mode applied ohe papillote irpractice
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11.3. Numerical response under elementdoads

.3.1. Hardening rodel implementation in ANSY software

Once the material model ideied, it has to be implemented BNSYS softvare. In this waythis
finite element code proposeslarge paneof material moded. Moreover thesemodels ai able to be
combined as it is needed (stic or not, independent of the time or nootropic or kinemati
hardening, hardening itself kg able to be linear or r) depending on th mechanici material
behaviour involved in a givestudy In the present casg¢he linear isotrop: descriptiol (Young
Modulus and Poisson’s ratigg user together with rate independent plasticiBombined hardening

accounted for withwo indeperdent data tabl The first one entitled “NLISO™illows to consider th
classical Voce law paramet, exceptadditional kinematic parameter§o prevent a fastidiot
implementation of a new matal in ANSYS code, it is suggested to use (c the part available i
ANSYS code. It is neverthels possible to use the precise Armst-Frederck description of th
kinematic hardening by the w of the data table simply called “CHABOC”. The orange dotte

line in Figure l11.3is so going tcbe considered in the proje

1.3.2. Investigatior of the material response for a simgase stuc

Once the rolledB16L material node is implementeda simple finite elemenmnode is used to gain
insight on thematerial behaviur (cf. Figure Ill.4). These simple case studienable tcexplore the
influence of loading condition(intensity of the cycle, imposed stress or dicement, influence ¢
the final fracture straindn the rsponse of the material. In a secstep it has elowed to identify ke
parameters to take into accoun a fatigue modelln Figure Ill.4 a representae volume meshed i
hexahedral elements &ibjected tc pure cyclic tensiomompression test conions by applying the
identified elastic-plastiecnaterid model. Both force and displacement loadirases have been tak

into account intie material behviour analysi:

[11.3.2.1. Force driven cyclic test
In order to test the materinodel reliability in ANSYS, a simple unial monotonic tensils
configuration by the applicaticof a loading force of 1050 MPa, almost corronding tc the ultimate
tensile stress in tension is dysed. Numerical response reported in theFigure IIl.5 with the
experimentatesponse introdutdfrom Chapter 2It is shown that the curve @ined by FENagrees

the experimentahaterial behaour in the longitudinal rolling directic.

The material responsgnder cclic load can be now explored. Repeatedsie test considering ¢
axial load cyclically varyingrom 0 and to a force F has shown kinemaic hardenin ifluence
(according to Lemaitre & Chioche definition of the nc-linear kinematic halening of Armstrog-
Fredricks [1]).

-8
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Figure 111.4 - Cyclic solicitation on a simple FEM

In order to reveal the Bauschinger effect, it iggested to continue the test until a certain |efel
plasticity in compression, as shown below (cf. Féglil.6) with a R=-1 stress ratio (Rmi/omay. The
kinematic part of the hardening shows up, meariag @ reversed strain path is mandatory to look at

this phenomenon.

As described in the theorical part in Chapter 19 twain types of hysteresis stabilization can be
moreover distinguished here. In the case where Brdluntil a maximal loady.x almost equal to the
ultimate tensile stress (almost 1050 MPa), matesiiastic adaption occurs after a number of cycle
increasing withony intensity (cf. Figure 111.6, graph on left studgirthe case 06,,,=600Mpa).
Considering higher level of load, the elastic-ptashop describes a plastic accommodation after a
certain number of cycle (graph on the right), tteeexd energy remaining the same each cycle once the
stabilization reached. Nevertheless this second maphysically not reproducible as the material is
supposed to fail before the end of the first tensjicle.
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Figure 111.5 - Uniaxial tensile tesstres-strain response of the laminatg@tbL steel coipared to the predicti
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Figure 111.6 - Ten cycles tenion compression (R -1) FE model folbmax= (i) 600 and (ii) 1100 MP
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Figure 111.7 - Influence of the cyclic load on the kinematic haring
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Then Figure 111.7 shows two responses issued franychc calculation using just the kinematic pdrt o
the hardening. Considering R=-1 symmetric cycliaddcf. Figure IIl.7 picture on the left), plastic
accommodation is reached right from the first cytilethe same way, it is shown that Ratchetting can
only occur under non-symmetric cyclic loading (pret on the right where R=-2/3) because the initial
slope of the tangent modulus of the stress—stiaivecin compression differs from that in tensiam. |
conclusion, both Figure I11.6 and Figure 111.7 poout that if a combined hardening behaviour igdyse

an elastic adaption of the material is in princigkpected when the stress strain curve stabilizes.

[11.3.2.2. Displacement driven cyclic tests

Material mechanical response subjected to cychpldcement (or deformation) is considered in this
paragraph. This kind of loading appears to faidgroduce the mechanical load classically involved i
thermal fatigue analysis. Actually, it amounts tee sthe “papillotes” subjected to displacement
induced by expansion and contraction of the pldtaing transient regimes. Thus the responses to
different cyclic loads are presented in Figure8lliThe left and right graphs respectively suppose
displacement L}, = 0 and U;, = 0,4 mm (> 0) applied in compression, both caweslving the same
Umax = 0,7mm in tension on a initial length of E 1mm. Whatever the cyclic load considered, the
material shows an identical behaviour. It is obedrthat strain amplitude remains almost constant
with N (property very interesting for the futureegs of the study), when axial stress amplitude
increases every cycle. A cyclic material hardengngo occurring until the stress state saturatr aft

certain number of cycles.

Figure 1.9 plots the variation of the axial ssesith the number of cycles, confirming that stress
amplitude stabilizes after a certain number of eycIThis value appears to be very closed to the
ultimate tensile stress observed in monotonic tengihatever the displacement amplitude intensity
applied here. In order to get a simple model fduffa in fatigue, it is interesting to find a way fink

the number of cycles before stabilization and tivalper of cycles to failure. For this purpose, thgtn

experiment has aimed at a physical meaning tcs#iigration.

As a conclusion of this part, the majority of tevlcycle fatigue model is dealing with constanaistr
amplitude along the time resulting from a displaeatrdriven problem. In the case of metals, this
material response is in addition the most repraseet of their fatigue behaviour as described by a
combination of isotropic and kinematic hardeningnisTis finally particularly true in the thermal
fatigue configuration, in which the heat exchangecurrently solicited. Under these conditions, the

next part introduces the fatigue model used toystind heat exchanger behaviour in duty.
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Figure 111.8 - Fifteen cycles tension compression FEM lead in disemen
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Figure 1lI. 10 - Cyclic parameters describing fatigue phenomenon
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111.4. Identification of a low cycle fatigue life model

1.4.1. LCF model introduction

Fatigue laws define damage increment per cyclghénoligocyclic fatigue domain (cf. Chapter 1),
plastic strain is sufficiently large to permit ansideration of certain time or frequency effect by

supposing a cyclic damage function of the plastairs amplitude [1] under a power law form:

Ym

6D Asp
SN De. (T) (3.14)

Supposing a hysteresis stabilized during a cyolding, this last equation has been integrated from
the first cycleN(D = 0) = 0 to the last on@/r = N(D = D) = Ny. The most common law linking

plastic deformation with the number of cycle tduee is due to Manson-Coffin [5,6] as

Nf—-=¢ (3.15)

The two parameters C and m (respectively fatiguetildy coefficient and ductility exponent)
describes a power law curve. Moreover negligiblkueance of the temperature has been observed
below 400°C, corresponding almost to the maximumpirature involved in the heat exchanger duty
and respecting the ratio T{T< 0.5. The Manson-Coffin criterion is usually cmesed in the
oligocyclic regime (Nsmaller than 10to 1¢ [1]). It has been also observed that it tendsver-o
predict the cycle life under extremely low cycldigae (ELCF) condition particularly considering
high temperatures (below 100 cycles). It is maidlie to a change of damage mechanisms from
fatigue fracture to accumulation of ductile damadagtility being itself reduced by the initiatior o
small cracks. Fatigue life could be so dominatedsimface crack growth and cyclic damage would
have no more influence on the crack growth ratéebdht models have been suggested to overcome
this small divergence in a range of number cycléilore being sometimes able to concern the heat
exchanger in duty. Faced with the other assumpt@ainsady involved, Manson-Coffin law is
supposed to be valid in the present study. Itésveid as an alternative expression for a crack dgrowt

law, determined by crack length and applied stsé&sdén.

11.4.2. Experimental procedures

The identification of the Manson-Coffin criterioa$ito be performed in experimental fatigue tesss. A
for the study of the hardening, cyclic repeated a¢slifferent constant strain amplitude are nedded
trigger the Bauschinger effect. The only differerscaow the necessity to reach the failure in otder
make a link between a critical cycle number andaatjg strain amplitude constant with the time (so

far as it is possible).

-13
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Figure Ill. 11 - Experimental set-up of the alternated bendisg te

Two possibilities are suggest here: classical tracti-compression and alteated bending tests.

axial fatigue test, such as tran-compression, specimens with Idhicknessare prone to bucklin
under a certain level of strainnplitude. To preve this non desirable effect, her kind of alternate
bending test has beehosen tadentify Ae,—Nf curve. An alternatedtir points oending configuratio
has beerconsidered allowingo represent a local tensi@ompression zondn the middle of th
specimenThe loading paramer are now the bending as a function of the cwre (cf. Figure 111.12-
i). Moreover it should enab fully reversed constant strain amplitude er uniform bendini

Alternated straircontrolled beding tess have been carried ouhder room caditions. The material
used for this fatigue test ®lled (plates) 316L auenitic stainless steel. Rangular specimens

1mm thickness and 10 mm ith have beermachined. Figure lll.1Qives ¢ brief cheme of the
experimental set-uue to prictical reasor and to maximize the prescribetrair, S, and $ have
been fixed respectively at 20 4 45mm. Starting from this state, different disemenloads (Y, U,

) have been applied to extericylindes. It is finally necessary to establishiorocedure to read tt
number of cycle to failure forll the fatigue test of the identificati. N; has bten thusdefined to be

the moment when the ons#ta primary crac occurred.

11.4.3. Alternated fur points bending for numerical L(characterizatic

FE simulation has been conzredto give back plastic strain amplitude fa given displaceme!
couple. A first FE representan of the sample in test conditions so preseited inFigure I11.12.
Thanks to the application of t combined hardening model, this analysis «d also allow to poin
out a material behaviouollowing a constanstrain amplitude evolution aoted for th Manson-
Coffin law identification.As shown inFigure 111.12 just the half of the cenil zone has been he

considered due to symmetries.

Thus sued the symmetry, theorizontal displacement of the left edge i = C. The ratio b/h = 10
enables to adog plane strain onfiguratior. The interest is here to concentronly on the specime
zone subjected to the maximeonstant moment arfor sure tle maximal equivwlent strain. The othe
advantage of this modelling io avoid a consideration of the rigid cylinderplying a force on th
specimen. It allows to avoid 're the introduction of contact elernrs leadingto higher calculatio

costs.

-14
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Figure 111.12 - (i) Description of the alternated four pointsiding test and (ii) model for the FE analysis
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Figure 111.13 - Deformed shape of the beam
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Figure 111.14 - Axial strain component at point P for differéh(angle in rad) loading intensities
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Concerning loading condition&entical@ curvaturehas been imposed on ey nodelocated along
the right edge in Figure 111.120ther degrees of freed: remain free excegbr thenodeA which is
blocked in the y directioto prevent any rigid body moti«. This curvature haseen applied by stre
equations in such a way thatange line remainstraight even after deformatic Specimen symmetry
axis surfaces being supposer be submitted locally to the maximal strain iplitude in a tractio-

compression configuration (dfigurelll.13), stress-strain evolution is extraci@dgoint P.

Figure 111.14 shows the axiatrain variation as a functicof the number ofcycle for different 8
curvature. It is pointed out th#te strain reaches rapidly an asymptotic valueurvature intensity
,assimilated to an equivalent clied AU on the rolls, haan influence on the rain amplitude. Sorr
changes can even be observiom 8 = 0.50 ragd deformation state reaching rstly a peak followed
by a slow softening to stabilizat a lower asymptotic vali As a first resultimposing rotation ang|
as cyclic loading leads to axial plastic strain amplitude ara vertical displacment almost consta
with the timeafter the first cycl. This observation is importafdr a simple useof the Coffi-Manson
law, as number of cyclde failure would only be function of a variabl@ constant with the time. It i
nevertheless difficult to makelmk between experimental cycle number to ire Nr and numerical

cycle number to accommodat N, as it has been first proposed.

Figure 111.14 does nadlirectly point ou this kind of behaviour since the timecessary to obsetr the
strain stabilizationis relativey constar after the first cycle,whatever te loading intensity
Nevertheless if gplying a consant rotation angle appear: numericallycorrespond to a constaAU

of the loading rolls, determing analytically the resultir displacementfor the analogy with th
experiment remains difficulindeed, due to the induced plasti, the use of lassical elastic bear
theory is here not successfillodelling the whole symmetric part of thest appearthus to be

mandatory as introduced kigurelll.15.

1.4.4. Account for :he rolls in the Flanalysis of the cyc: bending tes

The combined hardening mo: applied ta2D plane strain elements is useddescrib the bending
test. Nodes on the left edge agbjected to symmetric conditisnimplying ablocked displaceme
along x axis as represent@d Figure IIl.15 Four rolls are here describeut only two (in the
diagonal) are used in one berg force application direction by imposing altatively L," on R4 (R2
being fixed) and then JJon R3 R1 remaining thisime rigid. They are consiced a linear isotropic
material and subjecteid constaint equations rigidifying all thedegrees of fredon together with a
master node unique for eacbll. Contact elements without friction haveen finally introduce:
between the specimen and cders Thus Figure Ill.16hows the corresponq numericaresponse
for a full alternated cycle. R&c strain distribution is report: for theconfiguraionU, = -Uy, = 5mm
(later called configuration (Clalternation of a positive and a negative disgmen, cf. Table IIl.2),

both pictures (i) and (ighow tre two steps of going up/down for one calculaicycle
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Second step {J

First step '

Figure 111.15 - Alternated bending test modelling including ralsd contact elements

(i) Cyclel —first step: roll 4 up
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(i) Cyclel — second step: roll 3 down

Figure 111.16 - Total strain state evolution in the specimen

Both top and bottom central zone areas of the sgatiare alternatively subjected to the maximal
strain amplitude in a tension-compression loadiglen(cf. Figure 111.16). It is in agreement witteth
expected failure location during equivalent experital tests. Plastic strain has been extracted a P’
point for different loading cases. In this way, Gig 111.17 to Figure 111.19 show the strain-stress
hysteresis obtained in the simulation after a Beihumber of cycles for configurations from (C1) to
(C8) as detailed in Figure I11.19.
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Figure 111.17 - Stress/plastistrainvariation at point P’ for loading case (C1) @3] (see Table I11.2)
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Figure 111.18 - Stress/plastic strain variation at point P’ lfimading case (C4) to (C6) (see Table 111.2)
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Figure 111.19 - Stress/plastistrainvariation at point Pfor loading case (C7) and 8) (see Table 111.2)

Loading Case | U, (mm) | U,’ (mm) | Experimental N; | Numerical Ae,,/2 (%)
(C1) 5 5 490 1,356
(C2) 5 4 830 1,234
(C3) 4 4 1160 1,091
(c4) 5 3 1410 1,078
(C5) 3 4 1050 0,931
(C6) 5 2 940 0,913
(C7) 3 3 1600 0,779
(C8) 2 4 1690 0,782

Table 1.2 - Convergenc of both experimental and numericabuits
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[1.4.5. Experimental identification of the LCF criterion

The account for contact elements in this secondrfedelling makes the observation a hysteresis
stabilisation for more than one cycle. If stressphitirde appears to need more time to reach its
maximum unlike the previous experiment, plasti@istramplitude seems to stabilize more rapidly
after a few number of cycles. The half value of difeerence between the maximal and the minimal
plastic strain during the first cycle is finally at and considered as a representative plastia strai
amplitude for in the identification. Although ovstienating the value at stabilisation better
reproducing the material response during a certamber of cycles, this higher value has been chosen

probably corresponding more carefully to the experital conditions.

Indeed, whatever the configuration, failure experitally occured close to a central roll (cf. Figure
111.20), in spite of numerical simulation prediagithe maximum strain amplitude in the symmetry axis
of the sample (cf. Figure 111.16). Thus, the phgsicontact between the sample and the roll in autdit
to “effets de bord” tend to increase locally thaist. The plastic accommodation appears to oca lo

before experimental failure, pointing out the neigdo carry out experimental fatigue tests.

Plastic strain amplitude is a function of the loagintensity, in terms of displacement prescribad o
the rolls (cf. Table IIl.2). For any numerical ldagl case analysed, it has been carried out the
corresponding alternated bending test thanks toua jpoints bending device available at SIMAP
laboratory (University of Grenaoble, cf. Figure 20). The previous calculations have also allowed to
adjust displacement loading to make number of ctchailure with an order of magnitude coinciding
with the utilization of a Manson-Coffin low (almo&0®). Effectively, data concerning 316L steel
behaviour in the low cycle regime are availabl¢hia literature [7] for the raw material. As expekte
loading intensity is here not directly inverselpked to number of cycle to failure simply due to

random experimental fatigue effects.

In Figure 111.21 are represented the seven poudstified in a logarithmic scale. The set up hasnbe
unfortunately developed for sheets normally thintiem the studied plates, allowing not to apply
larger displacement amplitude (cf. Table 111.2).efdéfore no failure for very low number of cycle
could have been determined, although it could bd#scribe the exchanger loaded in the LCF regime.
Thus identifying a possible non-linearity of thengu for the lowest values is not tractable.
Nevertheless considering other assumptions alréadyced in the study, the current material
behaviour description in the low cycle fatigue ddotemain sufficiently accurate. In any cases, the
eight available points plotted in Figure 111.21 arged to identify the parametarsand € involved in

the Manson-Coffin criterion.
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Figure 1. 21 - Identification of Coffin Manson law parameters
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Table 111.3 - Manson-Coffin law parameters

In Figure 111.21,the linearized lot is reported anManson-Coffin power lav€ andm parameters for
the rolled 316L steetan be ealy extracted and given in Table IIl.3. Thessdues are comparable to
data reported in the literaturey instance i [7] for the same materiathe nextyaragraptallows now
to apply the full methodologyo realistic exchanger failure ci by finally comparing fatigue lift

prediction to available data.
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11.5. Fatigue lifetime prediction of the exchanger

In Chapter 2, results from a second thermal fatiggst on a prototype have been introduced.
Temperature of the hot fluid (180°C) had been pedgichosen to encourage a quick occurrence of
the exchanger failure. Circulating alternativelythwa colder water at 13°C, the resulting tempeeatur

amplitude can be here simplified to a uniform terapge field of 167°C. This thermal load has been

considered for the elastic structure response diep of the methodology introduced in the follogyi

.5.1. Introduction of a durability prediction methodology
From both thermo-elastic FE description of thedtrte (cf. Figure 111.22 (i), result already pretezh

in Chapter 2) and an accurate definition of theemialt hardening, it is now necessary to find a way
introduce these features in the LCF model. In g, the first step of the process is to extract a
representative strain amplitude of this elastipoese of the structure, preventing an elastic-glast
calculation on the full model. The significant eaalger model size could actually involve
convergence difficulties and a resulting long chdtian time. Instead of performing a full non-limea
analysis at the scale of the structure, a methggaio two steps has been adopted to make easier its
future use in an industrial context (cf. Figure.28 and Figure II1.23). Thus, firstly an elastic
calculation is carried out on the full core struetaupposing a real thermal loading previouslyraefi

In picture (i) of the Figure 111.22, linear exchargesponse under a uniform thermal loading of €C67°

is given, approximating the thermal loading of sezond thermal fatigue test. The regions where the
stress concentrates are expected to trigger darAagamost square zoom (h being the space between
two plates and p/2 the half length of a “papillgtéf the region highly stress concentrated is thus
considered (ii) on both sides of the first platéobethe end plate. A meshing description named B in
Chapter 2 has been adopted. Equivalent elastim streergy density \Wagcp Stored during one half
cycle (iii) is then extracted in six elements oé thquare. The mean value of the ones showing the
smaller gradient has been actually consideredi¢dindblack in picture (iii) of Figure 111.22). IRigure
[11.23, an equivalent uniaxial tensile test hasrbeamerically modelled by only one element (iip(fr

the one already introduced in Figure 1ll.4-b) sactvay the estimation of the equivalent total strain
amplitude is made by energy equivalence. In picfi)rdwo areas representative of strain energy are
depicted. The elastic density WOABCD determined-igure 111.22 is found again by the orange
triangle from which the area should equal the esjeivt plastic density stored during the simplified

uniaxial test (yellow area).

Numerical procedure MNomparison
AT°C W, Eedf 2 Predictiorn] Experiment
167 27,123 6,365 11 23

Table 111.4 - Application of the methodology
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Figure 111.22 - Elastic energy dissipation lecture for a CPK75 submiteeAT=167°C
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Figure 111.23 - Methodologyto estimate number of the number of cycle to fail with firstly (i) the
extraction of the elastic strain eny density Vioascp from a thermeelastic analysis, th (i and ii) estimation ¢
the plastic strain amplitudea@ping for oy, to make Wacerp = Wonaecp during a tensiolload on an elementa

volume, value finally used in the Mans-Coffin criterion
Step by step, a uniaxial foreg, is applied on the extremity of tleference vaime element to malk
yellow surface area as closedpossible to the orange. e involved equivalentlasticstrain is finally
taken as the equivalent plassitain amplitud characterizing the itical region response during ol
cycle supposing an identical oosite deformation during the exchanger shwn. This value can be
now directly considered ithe LCF model.

l
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1.5.2. Comparison of the final prediction with th& thermal fatigue test

Table Ill.4 gives a summary of the two main termgoived in the numerical fatigue life prediction

procedure, that is to say the mean value of theesponding equivalent strain amplitude obtained by
the procedure illustrated in Figure 111.23. Thiklafinally allows to compare the predicted number
cycle to failure to experimental value from whidte tfirst internal leakage zoomed in Figure I11.24

occurred and the correlation is pretty good.

Having reached the same order of magnitude of xpereamental is obviously encouraging. Actually,
knowing that this procedure concerns fatigue phesmam, the dispersion risk of experimental data
used to characterize the LCF model was large. titiad, although simplifications are done in the
structure modelling assumptions considered in thechanical analysis, involving boundary
conditions, simple thermal loading, specific nuroakitools or energy equivalence, have thus shown
relevance for this methodology. Ideally some mamagarisons would have to be carried out to adjust
for example some patrticularly steps of the methaglplas the critical zone size considered in Figure
I11.22. Another test considering real service cdiodis could also permits to make definitive

conclusion concerning the methodology validity.

In any case, fatigue failure identified during #exond test Figure 111.24 and Figure 111.25 arevals
agreement with the regions highly stress concesttrimtentified in Chapter 2, the first showing fadu
having occurred after 23 cycles between the fingt thhe second plate just below the end plate. It is
moreover interesting to notice that the corner ive in this leakage corresponds to the one siduate
in the perpendicular direction of the end plateilf@p. Two other fatigue failure cases have been

reported almost 10 cycles later on the externa sidthe end plate. Both are corresponding to stres

concentration regions already pointed out in Chahite

[1-25
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Figure 111.24 - Internal fatigue failure after the second experintané pototype

Figure 111.25 - External fatigue failure after the second experinzana frototype

[11-26
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Reminder of the project goal

The motivation of this PhD prect was to evaluate the lifetime of welded pldeat exchangers unc
conditions more severe than se prescribeat the momentallowing Alfa Laval Vicarb to expand i
new markets. There have be some reported cases we damage could bexpected in a region
already considered as the west part of the core at the beginning of thork. This regionwas
located at the border of the ‘e (constituted of thin plates) with the thickcame pane. The so-
called “weak regiordo coincice with parts of the material subjected to a 1g thermal behaviot
mismatch between the core ethe frame. It is due to a temperature differ that originates from
thermal inertia between both [tsduring transient cyclic regime heatingoling. Thus this work aims
at guarantyinghe durability o the exchangs whereaghe operating conditns beame more and
more severe. Numerictdols have beeideveloped so that Alfa Laval Vicatlas now acquired skil
to improve their constructic In a second stagethese tools should low to give usefu

recommendations for an appriate use of the un
Main outcomeseached dung the project

The work has combined a thec-elastic FE modetig of the exchanger and etailed analysis of tF
material response under cy: loadings. At the scale of the exchangere description of th
corrugated plate with an anisopic elastic modulus tensor allows a drastiaplification. The goa
was firdly to estimate the stre:distribution along the “papillote, connecting te core plates with tt
frame The description of this:gion is shown criticeand an accurate accounf the part linking the
core and the frameancluding the column liner, thépapillotes” and the involzd welded region he
been shown necessary. Upomstructed, thern-elastic thermal loadings haveen simulated and tl
regions where the stress contrates detect.. The strain prediction of the Finodel of the structur
havebeen then compared to oerimental measurements obtained from thd fatigue tests carrie
out on prototypes. It has beshown experimentally that there is a thermertia large enough f
consider a rigid frame when 2 thermal plate expands and caocts respectivly during the heatin
and cooling stage of the loadi Measurements of t thermoelastic strains aged quantitatively wit|
the predictions at locations farom the regions where stress concentrates itatively due to som
reasons pres¢ed in the preant report. The description is though rea enough to provid

information for the magnitude’ load in the heat exchanc

In a second step, the aspetthermal fatigueof the structure has been consiec. The calculation at
the level of the structure shod stress concentration with a magnitude largan the material yiel
stress. This suggested that Himear behaviour were so expected. As the mral exhibited isotropit
and kinematic hardening invahg cyclic effects, low cycle fatigue has finabeen suggesteThe

hardening of the rolled 316L :el has been identified by the use a combinen-linear isotropic and
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kinematic hardening through alternated bendingstg3hce implemented in ANSYS, its mechanical
response under different cyclic loadings has bemestigated. Classical thermal fatigue problem
being strain controlled, the plastic strain ampl@éuhas been identified as representative fatigue
parameter of the material. A Manson-Coffin fatignedel relying this latter to the number of cycle to
failure has been finally identified through cyclalternated bending tests. Through a simple
methodology combining the calculation at the saaflehe structure and the identification of the
mechanical characteristics of the material, lifetipredictions are presented. Thus from the full
thermo-elastic response of a given structure stdgeto a thermal loading, the region stress
concentrated has been carefully considered bylooahding the strain energy density. An uniaxial
plastic strain amplitude has been obtained by gneqmivalence with an elastic-plastic calculation
performed on a elementary volume. Its magnitudeised in the LCF criterion for the lifetime
prediction. This methodology particularly allowen grevent an elastic-plastic calculation of the ful
structure, probably too costly in term of time. Toarresponding lifetime estimation was finally
consistent with experiment value reported by thmose thermal fatigue test, in spite of the coarse

thermal field used for the elastic response oftktehanger.
Perspectives

This methodology has been developed for one péatitype of heat exchanger. Nevertheless the FE
model of the full exchanger core has been deschiyedarameterizing for example all geometrical
length, the number of plates, the mesh refinememaierial models. The methodology can be easily
adapted to different model of heat exchanger, byidng mechanical properties of other corrugation
patterns or materials used to build the unit (asef@mple the titanium). Although if the mechanical
behaviour of the exchanger has been carefully etiittis project, it could be necessary to incorjgora
a realistic description of the thermal field présed the unit in operating conditions. In additiéifa
Laval Vicarb engineers are currently working on aywo introduce the frame part in the modelling,
feature obviously necessary to better describéhdmenal loading. Actually, the full FE analysis @bu
be divided in two steps, both carried out the samshing in ANSYS software. The first one would
consist in the thermal loading characterizatiorhwlite necessity to identify some parameters fram th
operating conditions as the fluid temperature, them temperature and the different exchange
coefficients. The second would allow to simply peni the mechanical calculation using the thermal

response previously obtained.
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I\V.1. Heterogneous thermal field in the .M

A heat exchanger unit in serviis subjected to a heterogeneous thermal. A preliminary studywas
carried out tanvestigate the sessdistribution in corrugated plates subjecte thermal loadin¢. A

simulation of the detailed tererature field is tractable and handled at L's Alfalaval researc

center. The temperature fieldue to the crossed heat and cool circuitcheterogeneousut a

simplified distribution (or a iniform one) will be considered he From realistic entry fluic

temperature conditions, a hexgeneous termal fieldis considered and preged inin Figure IV.1

(). Figure V.1 (i) Figure IV.2(ii) shows the thremoelastic response and rd stress distribution |

a plate, with the end of the pdotes being fixed. These locations support mof the deformation ¢

that stress concentratiesthe vicinity of the “papillotes”.

3T
IS0 AS

eous
2 fielc

Figure 1V.2 - Influence of thetemperature field on the distribution of the \Mises Stres distribution,

normalised with the yield stress
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V.2.

Temperature recordings during a thermal loading

The Figure V.3 shows the temperature variationttier 10 different thermocouples of which location

is presented in Figure 11.21. We observe that biegmocouple number 6 (external side of the frame

panel) partially worked (only for the cycle 2) atie number 2 (just beside the number 1 in front of

the plate pack) not at all. The cycle 2 has beereroarefully studied in Figure 11.22.

85 —<& >4 e ——

80 —T1(°C)

75 T3 (°C)

70 —T4(0)

65 e T5 (°C)
}C) g(s) e T6 (°C)
% 50 T7(°C)
g 45 T8(°C)
g 40 9 (°C)
35 T10 (°C)

30 o A—

25 it

20 j l\: r S~

15

10 - - ' - ' ' - ' - - ' - ' '

0 600 1200 1800 2400 3000 3600 4200 4800 5400 6000 6600 7200 7800 8400

Timeins

Figure 1V.3 - Temperature variation in ten different thermoceuptations (cf. Figure 11.21 in Chapter 2)

The low temperature variation at positions 7, 8nél 10 indicates that a modest temperature vamiatio
in the external parts of the frame but a problemingduthe record could be the reason for such a low
signal. No reliable information can be extractaahfrthese probes. Thermocouples 7 and 8 are located
in the vicinity of thermocouples 5 and 6 in the dtyannel. They exhibit an onset of temperature
increase only in the second cycle, showing thatviir@tion is very slow there. In the same way, no
variation is observed in thermocouples 9 and l1atkxt on both sides of the top panel in contact with
end plate. Thus, the fact that the fluid do notcdimte in the dry channel involves a very
heterogeneous thermal field in these parts beilgtakinfluence the strain field. Unfortunatelyjngs

only one channel of the exchanger remains the waly to have thermal field as homogeneous as
possible.
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I\V.3. Calculation of the principal strainsomponents

from strain gaues measuremel

Three axes strain gaugdsve )eenused as depicted in Figure IV We denottthe strain compone

along the three directions x, and \.

X2

Figure 1V.4 — description of the strain gauges used in the erpnt:

For a 2D problenand referringto the (xy) coordinate systein Figure V.4 local strain tensor can be

written in the papillote plane &&low

ol

_ [Sxx 8xy]

Exy Eyy (1.1)

The knowledge of the directial strains alor 3 different axis is sufficient to cculate principal strai
components. For an isotropicaterial, these components coincide with thecipal direction of the
strain. In the casefdhe curreit strain tensg, g,,, ande,,, being recorded byhe strin gaugesg,,,
remains the only unknown ve. Moreover based on the knowledgee,,, it is possible tcextract
€xy- IN order to identify the nessary base change matrix (or the transitiorrix), one can write by

projection on x and y axis:

& = (6. 808 + (e41.8))e; (1.2)
e = (6608 + (67.65)ey (1.3)
Thus
€y = cosae, +sinae, (1.4)
€, = —sinae; +cosae, (1.5)

The resulting transition matrix is finally

cosa sin a]

4ij = [— sina cosa (1.6)

Now based on this relatipthe writing of €,, in the xy coordinate system gives

V-4
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(x1x2) _ (xy)
&j = AipljgEpq (1.7)
Ex1x1 = A€11 = AjpdjgEpq (1.8)
Ex1x1 = COS® (X €, — 2 COSASINA £y, + SIN® A €y, (1.9)

Rearranging the forgoing equatiomss have

_ 1 tana 1
&y T Jtana F + 2 Y Jcosasing ** (1.10)
ExxtE o
£xy = Tyy — Ex1x1 fOf o= 45 (111)

The shear strain value being now calculated, thersialues of the strain tensor are extracted to
estimate the principal strain components. Thisk®ss prost-process as

g, — A &xy | _
d"’t[ ey £y —A] 0 (1.12)
A =2 +e,% + 48" — 26,8, (1.13)

The two solutions correspond finally to the firatlasecond principal strains in the gauge plan.

€+ €
gty + Jsxz +g,% + 4( z > Y e,1,1)% — 2g.8,
‘= (114)
2
gt e (1.15)
£ + &y — \]sxz +gy% 4+ 4(= 5 L — £,121)% — 28,8,
ET - 2

Figure IV.5 - Strain gauges 1 & 2 on the prototype
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I\V.4. Strain heerogeneity in gauges locat

Figure V.6, Figure IV.7 and-igure IV.8 show the numerical straidistribution from the Finite
Elements simulations and pt out the heterogeneityobserved in the arecorresponding to th
location of the gaugesh& comarison withexperimentameasurements appe difficult for gauges 1
and 3as a noticeable strain heogeneity is observ. The strain on the “papilles” canchange from a
tensile zone to a compressione along the x axis. This high strain gradieno shows the potenti
load distribution in the vicinityf the “papillotes”.In the figures below, theed circlesindicates the
position of the gauges and threa they cover The values recorded by the es are reported in tl

Tables.
Experimental results
Gauge 1 Cycle 1 Cycle 2
Exx 0,02 0,13
Eyy 0,07 0,06
Ex1 0,05 0,05
[ S — |
225 || -8 || 135 || 09 |[ 045 0 0.45 0.9 135
[22s || -8 f[ 35 [{oo [[-oas] o] [oas ] [oo] [135]  of
Figure 1V.6 - Numerizal predictioncompared to experimental recordirfigs Gauge
— E— ]
| 225 || 1.8 [ 135 ][ 09 |[0as] [o] [oas]foo] [135] o
0

-

/

Experimental results /I\ y
Gauge 2 Cycle 1 Cycle 2
Exx 0,07 0,07
Eyy -0,01 -0,01
Ex1 0,03 0,03

Figure IV.7 - Numerizal predictioncompared to experimental recordirigs Gauge2

Experimental results
Cycle 1 Cycle 2
Exx -0,03 -0,03
Eyy 0,1 0,15
Ex1 0,1 0,15

Figure 1V.8 - Numerical predictioicompared to e
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IV.5.

Temperature recordings for thermal test 2

Figure V.10 show the temperature variation in iffecent locations represented in Figure V.9 for

the second thermal test. The thermocouples 14 &ndside the pipe, as 4 and 5 direct in front &f th

fluid flow obviously show the quicker temperaturerease. Recordings are globally consistent with

the first thermal test, except the thermocouplaad 8.

Boside The thermocouples 9 to 13 are located onthe
e “papillotes” respectively close to strain
& gauges 1 to 4 (Thermocouple 12 being|in
Flow direction front of the fifth gauge which didn’t work ),
1 ’—L 3 The thermocouples 14 and 15 giye
A-side .—L‘9 Lo L .
2 L. temperature variation inside the pipes
respectively at the inlet and outlet fluid.
190
180 e T1 (°C)
170 T2 (°C)
160 —T3(0)
150 14 (°C
140 —T4(°0)
130 - ==T5(°C)
©120 + =16 (°C)
c
o110 e T7 (°C)
5100
& e T8 (°C
g 90 (°C)
£ 80 9 (°C)
= 70 —T10 (°C)
00 T11(°C
50 (°C)
40 T12(°C)
30 T13(°C)
20 T14 (°C)
10
0 T15(°C)
600 1200 1800 2 400 3000 3600
Time in °C

Figure 1V.10 - Temperature variation in the 15 locations
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Actually, they show the impcance to use the channel in contact with thd plate although tt
maximal temperature is still )t reached. In any cases, thermocouples %o 13 located on tk
“papillotes” show that the tenrerature is in fact 30 to 40 °C lower than the fluid (More carefully
depicted in Figure IV.1Xepresenting Zoom on the first cycle)Thus thertis a little difference
between the real temperatuggperienced t “the papillotes” and thene conideredin the thermal
loadings simulationsin addition, more the fluid is hot, more the differenceimportant, potentiall

justifying the better awelation vith prediction for the first thermal fatigue t

190
180
170
160
150
140
130
120

Temperature in °C

=

BN WD U OO O
O O OO O OO oo o o o

—T1(°C)
—T2(°C)
T3 (°C)
—T4(°C)
5 (°C)

e T6 (°C)
—T7 (°C)
e T8 (°C)

T9(°C)

e T10 (°C)
—T11 (°C)
T12(°C)

50 100 150 200 250 300 350
Time in °C

400

450

500

550

600

T13 (°C)
T14 (°C)
T15 (°C)

Figure IV.11 —Zoomon the firsicycle of the temperaturariation in the 5 location
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I\V.6. Elastic response of the bigger 500 plates model

In order to illustrate the flexibility of the modeleveloped during this work, we present in Figure
IV.12 a case with 500 plates. We reort the stressilslition for a thermoelastic loading for a umifo
temperature variation of 167°C. The large sizenefdtructure (almost 7,000,000 degrees of freedom)
involves a CPU time for the calculation close two thours using four processor of a computer. If it
remains reasonable to carry out this type of catmn from elastic material properties, a non dne
calculations with account for plasticity would roaably increase the calculation time. This has
motivated the adopted methodology with a two scales two steps approach based on the energy
equivalences has been provides (see chapter 3)igure (i) shows a similar stres distribution nea
the corner as the case with the 40 plates modsepted in Figure 11.18 (i). Thus more beyond some

amount of plates, corner reaction is independetttisfnumber for a given uniform thermal field.

—— I O'eq/ o,
8
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1
NP

Figure 1V.12 - Linear calculation of 500 plates subjected to darm

I\V.7. Elastic response under a real thermeld

Our colleaguesat alfalaval \carb have developed in parallel a modeade of a plate plt
surrounding frame to perforrthermal simulations of the transient and shary response in tt
exchangerA elastic calculatiorperformed on the system made of a plates \he surrounding frame

suggested that the rigid assuron for the frame is realisti

G 3EERG Z¥.1TL3 4T . BTeY L TEEE . 53TE
16,767 3T.5TRE Sl dadl T3.132T 100, 00z
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Figure 1V.13 - (ii) Elastic response of 200 plates model subpttte(i) real thermal field obtained in ANSYS
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I\V.8. Elasticplasticresponsef the 40 plats mode

used inthe thernal test .

Figure 1IV.14 and Figure IV.158howsthe elastic plastic response of 40 plemodel subjected ta
uniform AT=167°C.The stressconcentrates in the vicinity of the corners aapillotes. We obsen
that the location of thenaxinum plestic straincoincides with those whe failure is observe

experimentally, thus indicatingn oligocyclic fatigu.

g, AJ}

Figure 1V.14 - Von Mises stres response after an ele-plastic calculatiorunder auniforn AT=167°C

LOLEETS 120233 L2ELELS 2290 gsgnsn
LOS353T LLTO353 sTeETY Cayazag

Figure V.15 - Equivalent plistic strain in experimental failuregion(circled in red inFigure 1V.14)

Figure IV.13shows an elastic:sponse of 200 plates model. A realistieeterggeneous thermal fie
calculated at Alfalaval Vicarb prescribed. The stress distribution is slighiifferent when comgred
to the calculatiomut their magitude is similar and the location of concentratalsc.
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RESUME

L'objectif de ce travail est de proposer une méttagie simple pour évaluer I'intégrité et la dude

vie d’échangeurs thermiques soudés. Une approateur échelles est proposée. Une description
macroscopique avec la prise en compte de la steudke I'échangeur est menée pour permettre des
calculs thermoélastiques par éléments finis. Laomép mécanique de I'échangeur pour des
chargements thermiques, cycliques, simples esuésalNotamment, les zones de concentration de
contraintes sont repérées. A partir cette étude, étude micromécanique du comportement du
matériau composant I'échangeur est menée. Le raatébnsidéré est un acier 316L. Son
comportement élastoplastique est identifié avecéarouissage isotrope et cinématique. La tenue
mécanique pour des chargements en fatigue oligogcyclest évaluée a I'aide d'un dispositif de
flexion 4 points alternée et un critére de Mansaofffi€ est identifié. Ce critere est utilisé pouaéer

le nombre de cycle admissible par I'échangeur pogr amplitude de chargement donnée. Pour cela,
la déformation plastique attendue dans I'échangstiévaluée a partir d'une équivalence en énergie
aux endroits ou la contrainte se concentre. Ledigtiéns du modele ont été comparées de maniére
satisfaisante avec les résultats expérimentaux snesué un échangeur test, pour la réponse

thermoélastique que pour I'évaluation du nombreyates a rupture.

Mots clés : échangeurs thermiques, fatigue oligamye, comportement thermomécanique

ABSTRACT

This study proposes a simple methodology to esértiet mechanical response and lifetime of welded
heat exchangers subjected to thermal loadings. stitueture of the heat exchanger is modeled to
estimate its mechanical response for thermal |oBlolsrmoelastic calculations are carried out with th
finite elements method. From these simulations, nbgions where the stress concentrates are
identified. Then, a micromechanics approach is tabpo identify the material’s elastic plastic
response with isotropic and kinematic hardening. durability under oligocyclic fatigue is
investigated with an original 4 points alternatendieg.d vice. From these experiments, a Manson-
Coffin criterion is identified. This criterion issed to estimate the heat exchangers lifetime mgaf
maximum cycles for thermal loadings with differemagnitude. To this end, the plastic deformation is
estimated from the macroscopic calculation withemergy equivalence between the thermoelastic
calculation and the non linear one. The predictiares found in agreement with experimental data
carried out on test-heat exchangers, for both kemoelastic response and the number at cycles at

rupture.

Keywords: welded heat exchangers, fatigue, therncbar@cal description




