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The purpose of this thesiss to research and develop the design and dimensioning of boiler
ash hoppers by analyzing existing hoppers and applying relevant steel structure standards.
The goalis also to optimize thenass anagnanufacturing costsf hopperandharmonzethe
calculaion.

Unlike for pressureoarts ofthe boiler, thereis no direct standard that would set explicit
design requirements for ash hoppers. The design criteria of the hoppesetgrapplying
Eurocodestandards and basic strength of materigltee requiremets related to loaglare
obtainedpartly from standards and prodtsgiecifcally from Valmet.

Ash hopper is a welded plate structtiratis mainly subjected to otdf-plane pressure loads.

The tesis presents the basic theory needed in the calculation of hopper structures including
the dimensioning ostiffenedplates, stiffeners, and welds. Considering the high tempera
tures is als@nimportantaspecin the analysis of ash hoppers.

The strutural analysis of ash hoppers was primarily done witkaR&lysis.Simplified an

alytical calculatios wereadditionally applied and resulgereverified by comparison. Dif

ferent design constructions were compared by analyzing an example hidpgpdructure

could be generally enhanced by optimizing the placement of stiffeners, modifying design
details, and reducing the amount of weldiBgsed on the resultd this thesisadimension

ing tool was developed for determining the basignparameter$or ash hoppers. Future
development ideas and potential improvement areas are discussed at the end of the thesis.
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1 INTRODUCTION

Valmetis one of theglobal leadesin providingsolutionsand servicdor thepaper, pul@nd
energyindustries T hi s ma s tiedoesortite bodes engineeringdlepartmentn
Valme® pulp and energpusiness lineTheb u s i n e snain droductean He divided

into three main categories: pulp production, energy production and biomass conversion
technologiesThe boiler engineeringdepartmentocated in Tamperes responsible for the

design and development of the balgyasifiers,and relatedtructures.

Valmet produces three main boiler typeégalmet BFB (bubbling fluidized bd) Boiler,
Valmet CFB(circulating fluidized bedBoiler andValmet Recovery BoilefRB). Figurel
presentghe concepts othe mainboiler typesBFB and CFB bilers can use&arious types
of solid fuels likebiomass, coal, woogroductsand waste Black liquor is burned in a
recovery boileto produce energy and recover chemicals for further usethe mill plant
The kasic working principlef the boilers isimilar, fuel is burned in the furnace to generate
steam from circulating water anldenthe hot steam is used fgroducing electricity and
heat Burningafuel always generates aahdit needto be remnoved via ash handling system
in aboiler. The ash is collectebly variousash hopper located within the ash handling and
flue gas system Collected ahis then conveyed tfly ashsilos for storage and transporta

tion.

Figure 1. Boiler types(ValmetMyA cademy)
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1.1 Ash hopper

Ash hoppes arepartof the ash handling systeim boilers, andtheycanalsobe considered
ascomponergin the flue gas systesince theflue gases flow through the hoppefrhere
are nultiple ashhoppeswithin theboiler agheash is collected frorseverapoints.Hoppers
below the filters irthe flue gas cleaning systeoollectthe majority of thetotal ash.Addi-
tionally, there ar@ash hoppers the backpasbefore the flue gas cleaning systerhese
hoppers cdéctonly a small portion of the total adbuttheyare a criticacomponent for the
functionality anddue to demanding condition§hese hoppers are the main focus of this
thesis.The ash handling system especially in BFB and CFB boilers simaitar design and
componentsFigure2 presentshemain components of axample CFB boiler ash handling

and flue gassystens.

Flue gas

flow
Stack

\

Flue gas
cleaning system Ash silo
Ol =B

Backpass ¥4
ash hopper

J
\ Flue gas filter

ash hoppers

Ash screws
or conveyors

Figure 2. Example CFB boiler main components ofsh handling systenfValmet

MyA cademy)

The main purpose of the hopper is to coletdroppingash particlesrom surfaces and
out of flue gasFlue gas flows through the hopper and intioe flue gas duct, whilsomeash
particles drop dowmntothe hopperAsh flowing with flue gas is referred as fly agtue
gas temperatusavary based on the boiler typeonfiguration andlocationbut can be up to
550 °Cwhen passing througihe hopper Ash hoppes areinsulated from the outsidsith

temperaturgesistanmineralwool andrubber mats
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Ash hopper design changeased on theonfiguration type and overall size of the boiler
Forthisresearctand optimizationone general type of hoppeesignand configurationwvas
chosen Thebasicdesignof the hoppers keptuniform, but the scale is variedop feeding
hopper withthe flue gas ductocated on the side of the hopper was chasethe focus
Variation of this type of hopperan be found irvariousconfigurationsbut usually in the
backpass of CFB or BFB boilefhis typeof hopper isgenerally the most demanding to
design as iheeds® be thdargest in size ani$ subjected tdhe highest temperature$he
hopperdelow theflue gas filtersare different in desigand are nospecificallyconsidered

butthesame rules are applicable

Ash hopper isarectangulasshapedlate structurelt hasa pyramidalbottompartand ree
tangular or slightlypyramidaltop part Overall dimensions vargut generallyhopperwidth
and depthare2 i 20 m and the heigli 6 m. Typical plate thicknesses vary betweenr 4
15 mm. The hoppewvalls arestiffened by outsid@orizontal stiffeners and vertidglorien
tatedinside stiffenersalong the wallsTypical giffeners used are flat bars;darsand U-
beamsAdditionally, whole platewalls are stiffened by the inside tension roEnsion rods
connect thavalls andaddoverall rigidity. One sidavall of the hopper haa cutout for the
flue gas ducand the duct is attached by weldidgh hopper is a part of the flue ggstem
andit must be gastightso dl joints in the structure are done by weldifggure3 presents

an example ash hopper amdatel maincomponents.

Vertical stiffeners

Tightening plates

Hanger
plates

Figure 3. Exampleash hoppeand itsmaincomponents
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Hopper ismainlyloaded bydeadweights, ash load arfthe gaspressureThere are different
options for the support constructions of hoppers, but figure 3 presents a hopper attached by
hanger plateddanger plates are welded to the corresponditachmenplatesabove. Ad-
ditionally, the top edgef thehoppers welded all arounty the tightening plate® ensure
agastight seal. Ash screw or conveyor is attached to the bottom of the hopper to transport
the ash into fly ash silos. The conveying systemmuisgfrom the hoppeand typcally has

no separate supports beneath

Ash hoppeiis usually too large to bansported aawhole to the siteso it cannot béully
fabricated athe workshopPrefabricated blocks are preparedwabrkshopandthen packed
for transportationBlocks canbe full or partial wall sectionwith welded stiffeners. Final
assembly is then done at the &iyfeeombining and welding the prefabricated bistdgether.
Final fabrication of ash hopper on the si&ss specialchallenges foassembly accuragnd

easy manufacturability.

1.2Research problem

Ash hoppers are designed projspecificwhile basing the design on previously produced
hoppersandthe desigrieatures arscaled up or dowaccording to theeferenceHowever
there are always differences betwéas hopper desigribat requirdteration andanalyzing
every hopper in detail is a tediopgcesdhat takes time and resourc¥almet has gener
atedits own design instructiongind calculation sheeter various boiler components, but

ash hoppers doot have separate instructions yet.

The challenge is the wide range in the scale of the hoppensparing the larges$topper,
thedimensiongan be up t& timesof a small hoppeiVhile the basic design remaimostly
the samespecificallythe need foistiffening increases greatly in largplate areas This
increases the demasidr the whole designVith suchavariable scale, it is difficult toreate
optimum solutiors for the range of designg&ven biggemoilers are also producedall the
time and consequentlyarger ash hoppers atteenrequired The hghest possible savings in
design, marufacturing and material costare available in the largestructures but

requirementgor the design are algbe highest
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1.3 Objectiveand goals

The purpose of this thesis is fiesearch and improve tliesign and dimensioning akh
hopper structure3.hen the objective is to optimize material usag&raanufacturing costs.
Previous ash hoppers and calculations are studied along velkted steel structure
standardsThe current design featurean be altexd but the overaktonstructiorwill remain
mostly unchanged. The most important optimizablerpatars are the determination of the
stiffener layout and choosing the stiffener profil&lding is amajor part of the hopper

assembly and it is tried to be minimizedreduce manufacturing time and costs.

After analyzing an@nhancing the overadesign, thgoal isto generate dimensioningool
for projectspecific ash hopper desigBiven nputdataarethe generaldimensions of the
hopperandtheload dataThetool shouldprovide the basic parametdos the design of the
hopperbased onthe structural criteriaThelist of parameterscludes:

! Materialrecommendations
1 Basic pate thicknesses
1 The lyout ofhorizontal and vertical stiffeners
T Stiffener profiles
1 Placemenof tension rodsnd profiles
1 Design of welds
1 Numberof hanger plates

The tools should be easy asithple touse and it is mainlyintended fordesign engineers.
The structuratlesign that fulfills the dimensioning criteséiould be obtainedithout de-
tailedanalysis bya structural engineePossible special cases that do camtrespond to the
base structure of the studiedpper willbe checked separatelfnother objective of the
dimensioningool is to generalize thhopper detailsAlthough ropperswill always be de
signed projecspecific, certain design featurase uniform. In addition togeneralizing the
design, thaimis to standardizealculationwith Eurocode practice&€urocodesd o n 8-t
vide a direct guide for this special applicatipbut multiple standardsare reviewed and
applied Other sources and standards are also used.
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1.4Research methods

Researclbeginsby studyingexisting ash hoppsandtheirdesign Meetings and discussions
with relateddesignand structurakengineers are utilizetb gather possibléanprovement
ideas The manufacturing and assbly of hoppes is reviewedalong withcomments from
practice.The previous structural analysis reports atediedto discoverbasic practiceand
possibleproblemareasin the analysis ofpreviousash hoppersTo goal is to develop the

calculationmethodsandold calculations andeportsare usedust for reference.

Literature and standasdelevant to ash hopper structures are reviewadreis no direct
design standard fanash hoppersothereviewis compiled using different standards and
sourcesTheaimis to base thanalysismostly onEC3 (Eurocode3) to uniform the praiices.
Literatureand aesign standards are researchedambine theneededheory andequdions
for the calculationsAdditionally, Valme® s  design instructions anthaterial spec
ifications are utilizedin defining the design criteri@ther productspecific irformationis
obtained from ValmetPrevious reearch orrelated topicss also utilized as the refence

for theanalysis.

Both analytical and numerical calculation methods will be used in the anafyibis ash
hopper Comparison between these results is used to verify the accuracy and reliibility.
nite element analys{§EA) is used as the numerigallculation toohndanalytical equations

for calculation are obtained from relevant Eurocodeshasic strength afaterials Ana-

lytical calculations require simplifying th@roblem intoa suitable form and analyzirgiruc

tural members separatandFEA is therused tovalidate theesults Analytical calculations
arerequiredfor the dimensioningtool. Design opimization is carried out by practical
engineering approach, comparing different options and their effect on the total mass and

estimated costs.

1.5Framing

There are multiple types ol hoppers idifferentboilers. Thismaste 6 s t hecss s wi
on one specific type of hoppebut the resultsan bepartly applicable to other hoppers a

well. Theconstructiorof thehopper iggeneralizedbut the scalef dimensiongan vary As

this thesis aims to form a general dimensioning guide fmrtain type of hoppers, it will

only consider structuratlesign and detail design needhlie executed maiily. Hopper
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structure is simplified t@n adequate level with relevant assumption®rder to perform

general analyses.

Specialload situations like earthquake loads are left outside the scope of this Bodsis
are delivered to locations where earthquakesamnportant aspect to be concluded in the

analysis but forthese caseshe analysis h&to be done separately by structural analysis.

Surroundingequipments includedin the analyses, bthe design of thens not considered.
Joining structures likelde gas ductslready have their own separate dimensioninigley
so they are left outside the scope of thissis The hesis only considerthe design othe
ash hopper.
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2 LOADS ACTING ON THE HOPPER

The main loads acting on the hopper are the dead weight of the structures, flue gas pressure
and the ash load. The size of hopper and external structures vary and therefore loads need to
be considered cad®y/-case, but this chapter presents the principledefining the acting

loads.

2.1The dead weight dhestructures

The dead weight of the hoppesainrange froma few tonnesvenup to 20 tonnesn the
largest hoppers. The weight of insulation should also be considéopger is suppoirig

the connectedomponents like the flue gas duct and ash conv@ywrhopper isattached

from the top so the dead weight will cause mostly tensile stresses in the stAsyonenet

ric weight distribution of hopper and components can also cause global moment asound th
hopper and concentrate the support forces on oneTi@enominal loads caused by dead

weight are considered with gravitational acceleragjof 9,81 m/3

Ash conveyor is connected the bottom of the hoppby a flange connection, so thepper
supports its weight. As a safe general assumption, the conveyor's total dead weight is as
sumed to be supported by the hopper. The size and mass of the ash conveyor vary based on

the overall dimensions of the hopper but typically range from feweop to 10 tonnes.

The flue gas duct has separate supports, but the weight is partly supported by the ash hopper.
Once the flue gas duct is attached to the hopper, the duct hanger plates support both the
hopper and the flue gas duct. There are bellowkearflue gas duct to account for thermal
expansion and the bellows do not transmit dead, lbadever bellow causes a reaction

force The dead weight adheflue gasductis considered casey-case.

2.2Ash load
The function of ash hoppers is to collectaguide the ash particles to the conveyor for
transportation into permanent storage. Normally the ash is not accumulating in the hopper,

but the ash level can rise in the hopper if there is a blockage, or the conveyor is makunction
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ing. The stored and flaing solid particles within the hopper then cause different load com
ponents in the walls. The definition of silo and hopper loads in different standards are based
on the classic theory of silo pressures by H. A. Janssen. Load components subjected to the

hopper walls from the ash load are the normal pregsumad friction tractiorpy (figure4).

Figure 4. Ash load components oftopper(SFSEN 19911-4 2007, p. 67).

The theory and calculatiorf silo load components is relatively complex, and therefore it is
not relevant to present it in detail in this thesis. The load components acting on the hopper

walls are calculated according to SEN 19911-4.

The hopper angle is a key variable of happad components as it defines the distribution
between normal pressure and friction traction. Various particulate solid properties also affect
the loads. The flysh density varies depending on the fuel and boiler, typitypically, the

ash density is 7061000 kg/m. Table 1 presentthe general fly ash properties needed in

the calculation of hopper loads.

Tablel. Particulate solid properties (SFBEN 19911-4 2007, p. 99).

'T)-'pf: of Unit weight b |Angle of |Angle _of_imcmal Lateral Wall friction coefficient © Palch_lo&d
particulate repose friction pressure I solid
. ,odoe 3 ; i ‘ fi
solid . i i) ratio P — reference
’ ’ ' K b o) factor
Cop
Wall | Wall | Wall
, . i 3. a K a, ty type | ty a
j‘f K O Dim ¢ m K I})I;c I}:E I})Is)c u
Lower | Upper Mean | Factor | Mean | Factor | Mean | Mean | Mean | Factor
kN/m® | kN/m® | degrees | degrees
Default material ® | 60 | 220 | 40 33 13 o050 1.5 [ 032 [ 030 [ 030 [ 140 10
Flyash 8.0 15,0 41 35 1,16 | 046 | 1,20 | 051 062 | 072 1,07 0.5
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Simple hydrostatic pressure loadcaculated for comparison of the silo loads. The hydro
static pressure load of ash is defitigdhe equation where is a coordinatealongthe height
of the hopper(Valtanen 2019p. 185):

n " Qo (1)
Calculation of hopper loads using different methods d@sefor comparison. Figur®

presents the calculated load components in an example hoppearhwijtper heighof 1500

mm and hopper angles of 40°.

1600
1400
1200 —— Hydrostatic
pressure
1000 p_ash
z[mm] = = =Normal
800 pressure
p_nf
600
Friction
400 traction
p_tf
200
O LN\

0.000 0.002 0.004 0.006 0.008 0.010 0.012

Pressure [MPa]
Figure 5. Load componets of ashalong the height of hoppeccording tcSFSEN 1991
1-4 and by hydrostatic pressure load

2.3Flue gas pressure

The actingflue gas pressungyg is boilerspecific, and it can be either negativepositive.
Both the maximum and minimum valuae considered in the analysis. In NFRMational
Fire Protection Associatigrtompliant projects the design pressure/is3,7 kPa(NFPA85
2019, p. 170.
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2.4Temperatures

The acting flue gas temperature vary based on the boiler type, ash hopper loithiiotiney

boiler and overall configuration of the hoppers. The design temperature is determined based
on the process design parameters and typically can range from 200°C to 550°C. The hot flue
gas flows through and the whole hopper is thermally insulated from the outside. Based on
previous analyses, the temperatures between components are assumed to be relatively even,
and therefore the stresses due to thermal elongation to be minor. The thermalalangati

joining structures like flue gas ducts is allowed with bellows.

2.5Partial safety factors and load combinations

Load combinations shoutmbnsiderall themost unfavorable design situatidhsat can occur
Limit states are used to distinguidbsign suations for the analyseBurocode divideghe
limit states imo 2 categoriesSLS (serviceability limit stag and ULS (ultimate limit stagp
(SFSEN 19902002 p. 27).Structural strength iserified by ULS and deformationsare
checkedoy SLS. Limit state desigris presentedn detail in chapter 2.

Load partial safety factors consider the uncertainties related to loads and load &ffets.

EN 1990 recommends partial safety factors for actions in different ultimate limit state
analysesFor serviceability limit state analyses, all partial factors should be taken as 1.0
(SFSEN 19902002 pp. 47, 54)The general form of a combination aft@ns is expressed

as (SFSEN 19902002 p. 44):

A o P I LR )

where 3 is a reduction factor for unfavorable permanent actions

Jc,j is a partial factor for permanent actions

Gk, is the design value of permanent action

oris a partial factor for prestressing actions

P is the design value of prestressing action

20,1 is a partial factor for variable actions

Qx1is the design value of variable action

Yo, is the reduction factor for accompanying variable actions
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Recommended partial safety factor for unfavorable permanent aogipiss1.35 and for

leading and accompanying variable actiogsis 1.50. When both permanent and variable
actions are analyzed in a load combination, the reduction factor for permanent actions can
be usedy= 0, 85, so the total parti al factor f
1,15 (SFSEN 19902002 p.52) Dead weight is consedted as permanent action ahe

ash load is the main variable action and flue gas pressure is the accompanying variable
action. The partial factor for accompanying variable actions can be lowered byyfacier

the interactio of maximum flue gas pressure and maximum ash laatlislikely situation

Factor ofyo,= 0,7 is used.

The following loads are acting on the hopper:
A. Dead weight othestructure
B. Ash load
C. Positive fue gas pressure

D. Negative fue gas pressure

Table2 presents the load combinations used in the analysis with the corresponding partial
safetyfactors. Load case with only deadigld is not considered as it is covered by the other
cases. Load case 1 is determining load case based on the stresses and deformations and loa

case 2 can be determining case considering the stability.

Table2. Load cases and partial factors for limit states.

Load case ULS SLS
1. Ash load + positive 1.15A + 1.58 + 1.05C A+B+C
pressure
2. Empty hopper + negative 1.15A + 1.05D A+D

pressure




23

3 DESIGN CRITERIA OF AN ASH HOPPER

Ash hopper is avelded plate structurdt consiss of rectangulaistraightplatesand beam
profiles. The hopper wall plates form the masiructure,and they are stiffened with addi
tional plates or beasn The inside tension rodsiffen the wal generallyandcarry loads
from wallsmostlyas axial forcesAll parts in the hopper are connected by welds andthere
fore welding is a major part of the design and asseniiiig. chapteintroduceshe design
criteria and presents thenostrelevant theory needed inettanalysis of the structuréhe
design criteria arsetby consideringelevant standasidifferent load conditions and possi

ble failure modes the structural memberd the hopper.

3.1 Standards guiding the designaof ashhopper
Different standards provide guidelinies thedesign & a hopperAsh hoppehoweveris a
specialcomponenso theeis not aspecific standard thatould setexplicit requirementgor
it. European design standam® applied to covehe differentconditions anccomponents
of the hopperin addition to standardtheequationsand practices frorthestrength of mate
rialsareutilized with appropriatematerial properties heguidelines fodesign criteriaload
definitions and material propertiean bemostlyobtained from standards:

1 EN1990Basis of structural design

1 EN 199%1-4 Actions on structures. Silos and tanks.

1 EN 19931-1 Design of steel structures. General rules and rules for buildings

1 EN 19931-5 Design of steel structureBlated structural elements

1 EN 19931-7 Design of steel structurePlated structures subject to eat-plane

loading

=

EN 19931-8 Design of steel structures. Design of joints
1 EN 19934-1 Design of steedtructures Silos
1 EN 100282 Flat products made of steels for pressure purposes-dlion
and alloy steels with specified elevated temperature properties
1 EN 130847 Freestanding chimney#®roduct specifications of cylindricateel fab

rications for use in single wall steel chimneys and steel liners
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Plates form the maistructure of the hopper and rules for general plate structures can be
applied Ash load and presswgeause loads mainly along timermal of the platevalls,
referredasout-of-plane loadingSFSEN 19931-7 presents design criterand applicable
analysis methods fatiffened and unstiffengolatesectionssubjected to oudf-plane load
ing. Basedon the standard, analysian be carried outsingthefollowing methodsutwith
certain limitations
a) Using standard formulas with appropriate boundary conditions
b) Global numerical analysis
c) Simplified methods
1 dividing plates into individual segments
1 considering stiffened plate as a grill
(SFSEN 19931-7 2007, pp.10-13)

Theglobalout-of-plane loadinglsocausesn-plane compressive and tensile forcestmc
tural members such as stiffenarsdin the wall panelsocally. SFSEN 19931-5 presents
rules for platecelementssubjected to irplane loadsStandardprovidesadditionaldetails
andmethods forconsidering theeffective width anduckling of plateslue to compressive

stress.

Ash hopper can be partly considered as astrlactureasSFSEN 19934-1 includes rules
for rectangular and pyramidal siland hopper structures. Major differences are the top at
tachment of the hopper, flue gas duct located on the side and special conditidmghlike
temperaturesThis standard can be mainly usedasference guideline for determinitige
recommendednalysis and design criterislodelingand analysi®f rectangulasilo strue
ture should follow the rules from SHSN 19931-7. Additionaly, the followingconditiors
should benmetwhen applkable

1 All stiffeners, large openings and attachments should be included

1 The design shouldatisfy the assumedbndary conditions

1 The joints should satisfy the modeling assumptions for strength and stiffness

1 Each panel of the wall can be treatedamdividual plate if flexural stiffnesses and

forces and moments of adjacg@ainelsare included

(SFSEN 19934-1 2007, p. 31)
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Standard categorizes silo structures into consequence classes based on capacity and desigr
situations and different analysis methods are required for eachiigsie 6 presents the
determination othe consequence class for sil&tuations are not directly comparable to

ash hoppers, but definitions are used eference.

Consequence Class Design situations

Consequence Class 3 Ground supported silos or silos supported on a complete skirt
extending to the ground with capacity in excess of W;, tonnes

Discretely supported silos with capacity in excess of Wy tonnes

Silos with capacity in excess of W tonnes in which any of the
following design situations occur:

a) eccentric discharge

b) local patch loading

¢) unsymmetrical filling

Consequence Class 2 All silos covered by this Standard and not placed in another class

Consequence Class 1 Silos with capacity between W), tonnest and W,, tonnes

i Silos with capacity less than W, tonnes are not covered by this standard.

The recommended values for class boundaries are as follows:

Class boundary | Recommended value
(tonnes)
Wy 5000
Way, 1000
Wi, 200
Wiy 100
Wi, 10

Figure 6. Determination of consequence class ftyss{(SFSEN 19934-1 2007, p. 21)

Most ash hoppers can tieenconsidered as a consequence class 1 since their capacity is less
than 100 tonnes. Based on the standdwljnternal forces in the plate segments itiayn
be determined usindpree different methods:
a) static equilibrium for membrane forces and beam thémripending
b) an analysis based on linear plate bending and stretching theory
c) an analysis based on nonlinear plate bending and stretching theory
(SFSEN 19934-1 2007, p. 32)

For consequence class 1 and symmetrically loaded plates of consequence ass?, t
plified method(a) may be used. For consequence class 3 and asymmetrically loaded plates
of consequence class the method (b) or (c) may be used. Useabigher consequence
class is always possibSFSEN 19934-1 2007, p. 32) Required analysis criteria for
classes 1 and 2 can be fulfilled either by analytical calculations or by numerical methods like
linear FEA.The analytical approach requires careful simplifications to the structure but with
acorrectly constructed FEmodel,necessary phenomena are considered therefore making it

a more accuratmethod. Based on the standard, #iorar methods are not required for
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basicglobal analysis o$iloswith the corresponding scal®ut ash hoppes notexplicitly
consicered asilo. Applicable methods should be considered dasease and comparative

tests conducted to ensure proper representation of the structural behavior.

As a summary of recommended analysis methedgleanalytical calculation methods can
be used if the methods are verified appropriatéhe structure can also be divided into
individual sections foanalysis ifthedetails and connections between sections are verified.

Global numerical analysis recomnendedfor all situations

The definitionof thesilo- and hopper loadsre obtained from SFEN 19911-4. It presents

the calculation ofload components caused fijing and discharging solid ash particles in

the hopperOther loads and properties such as flue gas pressure and fly ash density are
productspecific and obtained from Vaim&ecommendedastial safety factors faactions

and strength are obtained froelevant Eurocodes.

EN-materials that have been previoustilized are only considered in this thedidaterial
selection includestructural and pressurgrade carbon steetnd alloyed steeldvaterial
propertiesof utilized steels can be obtained from varistendardsAs the temperatures of
thehoppemayexceeds50°C material properties at elevated temperatures are needed along
with specific properties like creep streng®SEN 100282 presentspecificelevated tern
perature propertie®r pressure grade steels and alloyed stéelditionally, elevated tem
peratureproperties of structural steels damobtained from SFEN 130847, as réerenced

by silo design standa@FSEN 19934-1 2007, p. 25).

SFSEN 1990 is thgeneraEurocodeandit presents basic rules and principles for structural
analysisGeneral @sign criteria andefinitions of limit states are introduce®tandard also
presents recommended partial safety factorglifterent types bloadsthat can be used if
not otherwise presdged in moredetailedstandard. SFSEN 19931-1 includes rulesand
calculation procedusdor thestability of structural memberBesign rules and strength €al
culation of welded connections grvided in SFSEEN 19931-8. The structural firelesign
standard SFEN 19931-2 is partly applicald in considering the effect of high tempera

tures.
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3.2Limit state design

Modern design instructialike Eurocodes utilize limit state desidrimit states ag certain
design criteria fothe structure that it must fulfilLimit statesare applicable for all structural
membes, but thelimiting criteria might varyfor each component and structutemit state
conditions are analyzemth theaddition ofthepartial factor methobly applyinglimit state
specificsafety factors for each load componantl safety facteron material sgngth prop
ertiesand other uncertaintigSFSEN 199 2002 p. 38). Limit states relevant for ash
hoppes areintroducedn chapters3.2.1. and3.2.2.

3.2.1Serviceabilitylimit states

Serviceability limit stategorrespond tahe usability and functionality of the structurelt
alsoincludes aspects likappearancand the comfort fopeople using thenachine or struc

ture. Serviceability limit states are further divided into reversible and irreversible states
based on theffect (SFSEN 19902002 pp. 2829.) Exceeding the serviceability limit state
does notlirectly cause the collaps# thestructue, but it can affect the usability and damage

thecomponent in suchway thatoverallusabilityis lowered

In the case of ashopperthemost valid serviceabilityimit statedo be cmsideredare:
1 Deflection of wall panelfocally or globally
1 Local deformation

9 Vibrationsor oscillation

SFSEN 19934-1 recommends limiting values for deflection in rectangular silo wRa#s.
ommended values are used for reference and specific limiting values agredkbased on
the caseRecommendedigbal maximumout-of-planedeflectionlmaxshould be taken as the
minimumof (Mod. SFSEN 19934-1 2007, p. 102}

) & Q¢ QTth Qo ©)

wherek; andk. arespecificfactors ad H is the overall height ofhe structureandt is the
thinnest wall thickness. Recommended valioe factors arek: = 0.02 andk. = 10. (SFS
EN 19934-1 2007 p. 102) Maximum out-of-plane deflectionn a singleplate segment
relative to its edges should be limited to
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| Qb (4)

whereks is a specific factor ané is the shorter side ad rectangular plateRecommended
value forfactorks = 0.05 (SFSEN 19934-1 2007, p. 103.)

Local deformations can occum different structural memberSmall local deformatiosido
not causadisturbance in the normal operation of a hopp&orations or oscillatios can
occurfrom fluctuating pressures by natural frequencied/ibrations cancause abnormal
behaviorand noisedn the structurer even damagén the case of ash hoppgevibrations

are not considered tme a majorrisk due tothe nature of loads anadequate stiffening.

In the case of ash hoppeerviceability criteria are not thieeterminative aspedtopperis
astatically workingstructure that has no speaiatjuirements for functiofity. Deflections
or deformations do noeasily affect thenormal operation andrisks of vibrations or
oscillationarelow. The design is driven by structural strength requirements.

3.2.2Ultimatelimit states
Ultimate limit stategorrespond to states that concdiressafety of the people and the struc
ture.Exceedinghe ultimate limit statewill cause the collapse of the structure or part of the
structure (SFSEN 19902002 p.28) Ultimate limit states ardivided into4 categories

1 EQU:Loss of static equilibrium

1 STR:Structural failure, internal failur@r excessive deformation

1 GEO:Geotechnical failurer excessive deformation in tigeound of foundation

1 FAT: Fatigue failure
(SFSEN 19902002 p.42)

Structural failureand fatigue failure are relevant when concerning the ash hdgierate
limit states camefurther dividedby failure modegor theexamination oflifferent structural
members under load condition§he nost inportant failure modesof an ash hopper
corresponding taltimate limit statesnclude

1 Plasticity or pastic mechanism

1 Fractureor failureof amemberor aweld joint

1 Loss ofstability
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Structuralfailure canalso occur due to mechanical or therfagiue, buit is not considered
a major risk in an ash hoppéde overall temperaturelistribution or theloads do not vary
greatly duringtheboiler operatiorandnormallythere areno sudden temperature changes or

impact loadsThe dimesioning is based on static loads.

Detaileddesign criterideading to mentioned failure modes are presenteatdearfollowing
chapters Specific partialsafetyfactors for differenfoad combinations anthaterias are
considered in ultimate limit state analys&ébe load combinations artie corresponding
partial safety factors are [@@nted in chapter 2.Bdequate structural strength is verified by

ultimate limit states.

In addition toload partial factorgartial resistance factors are recommended for certain de
tails and failure modeg§.able 3 presentghe relevant reistance factors anwbrresponding
recommended valuder silo structuresAdditional resistance is recommended agalass

of stability, wall rupturefatigue andailure of connectionSFSEN 19934-1 2007, p. 23)

Table3. Partial resistancdactors forsilo structures (SF&EN 19934-1 2007, p. 23).

Resistance to failure mode Relevanto Recc\)lr;rlrlﬁnded
Resistance of welded or bolted shell wall to plastic limit s Jmo 1.00
Resistance of shell wall to stability o1 1.10
Resistance of welded or bolted shell wall to rupture M2 1.25
Resistance of shell wall to cyclic plasticity M4 1.00
Resistance of connections M5 1.25
Resistance of shell wall to fatigue M6 1.10

3.3Plates

The hopper wadl consist of stiffened plate3.he wholewalls can be considered as grill
formed by the stiffener profilesr alternativelyconsiderthe single plate segmenssir
rounded by the stiffeneradividually. The longer side ohdividual platesegmenb is de
fined by thespan of vertical stiffeners and the smaller sideméteais defined by the span
of horizontal stiffenerg¢figure 7). Forthe most efficiensolution, both dimensions should

maximzedwith anoptimalb/aratio, withoutexceedinghe designstrengtls.
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Figure 7. Plate segmendlefined by the stiffenelig a lopper wall

Plateis a structural mmberwith a small thickness compared to other dimensigasious
theories have been deveéajio asses the structural behavior of plat&fie nost commonly
usedtheory is the classic plate theory, also knowtha&irchhoff plate theoryThe classic
plate tleory hasananalogy to beam thegrgndadditionalassumptions are made to simplif
the 3dimensional plate case into aZlimensional.The theory assumes thabrmals of the
midsurface remain normal to deformexddsurfaceand there is ntransverse strain through
the thickness of the platelhe treoryis based on lineaglasticity and small deflections
(Bhaskar& Varadan2021, pp.12-15.) Figure8 presents generablatesubjected to oubf-
plane loading@ndthe correspondingoverningequatiorfor thedeflectionw is expresseas
follows (SFSEN 19931-7 2007, p. 19):

1o To0 T 0 naw (5)

Where fexuralrigidity of plateD is defined a§SFSEN 19931-7 2007, p. 19):

(0] 6
o ’ (6)
p cp
where EisYoungds modul us

3l s Poissondbs ratio
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Figure 8. Deflection ofa plate subjected to outf-plane loading.

The exact solution dheplateproblem can be found in limited cases burnerical solutions
for various plates and conditions are tableddifferent sourcesSFSEN 19931-7 preserg
tabledvaluesof coefficientsfor easy calculation of transversely deal rectangular plates.
Values argre-calculated fodifferent boundary conditionsoad types andimension ratios
of rectangulaplates. The calculatedoefficientst a k e

Tabled coefficients for plates underuniformly distributed loading with pinned and fixed

nt o

a c c o/of@.B.

boundary conditionbased on small deflection thease presented itables 4 and>.

Table4. Coefficients for rectangular plate subjected to uniflyriaistributedloading with

pinned boundary conditiofSFSEN 19931-7 2007, p. 22)

e Loading:
Uniformly distributed loading
X Boundary conditions:
All edges are rigidly supported
and rotationally free
——
b/a kw1 kobxt kuby 1
1,0 0,04434 0,286 0,286
1,5 0,08438 0,486 0,299
2,0 0,11070 0,609 0,278
3.0 0,13420 0.712 0.244

Poi

C

=
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Table5. Coefficients for rectangular plate subjected to uniformly dhatedloading with
fixedboundary condition§SFSEN 19931-7 2007, p. 22)

y4 Loading:
Uniformly distributed loading
b 1 J »

X Boundary conditions:
All edges are rigidly supported
and rotationally fixed.

B
bla ki ka1 kaby1 ksbx2
1.0 0,01375 0,1360 0,1360 -0,308
1.5 0,02393 0,2180 0,1210 -0,454
2,0 0,02763 0,2450 0,0945 -0,498
3.0 0,02870 0,2480 0,0754 -0,505

Small deflectiortheorydoes not account for membrane stresselsarptate so coefficients

for bending stresses andefficientfor deflectionare only presentedable variables arthe
coefficientsfor bending stregsaroundx-axis kibx andy-axis ks p @nda coefficientfor de-
flectionkw. Denotationafter the subscripts refer to the corresponding location in the plate.
For uniformly distributed loadinghe bending stresaroundx-axis lbxed can be calculated
as(SFSEN 19931-7 2007, p.21):

. N (7)

where Oedis the design value of uniformly distributed loading

Consequentlythe bending stressroundy-axis Uny,edcan be calculated §SFSEN 19931-
72007, p. 22)

S (& (8)

Thestress components can then be combintcequivalent von Mises stredig, eawith the

equationassuming no shear stresses occurs in the (B8EN 19931-7 2007, p. 22)

©)



33

The deflection o& platew can becalcubtedwith equation(SFSEN 19931-7 2007, p. 21)

AR | (10)
Q -
v 00

Tables donot presentcoefficient for bending stressound yaxis Uny,eq at the edge othe
longer sidebut due tdending arounthe x-axis andconstraing, they-stress component is
alsoformed.Von Mises stress at the longer edge is calculstetthemaximum stresssare
easily comparable with FEAhe bending stresmound yaxisliy,cqat the longer side dhe

plate is approximated usiijoi ssonbés t heory:

w R w R (11

Calculation withthe coefficients is fast arsimplebutthere are limitationsThecoefficients
are tabled with a minimum of 0.5 intervalstheintermediate values should be interpolated
for better accuracylThe snall deflection theonalsohas limitationsasthe calculated de
flection w should bebelowt/2 for reasonable accuraeyith the theory (Niemi & Kemppi
1993, p. 154)Selection of corredioundary conditions the mosimportant factor defiing
the accuracyf results.In a continuous stiffened plate, the eddefined by stiffeners can
be considerecklatively rigid and theféect of joining plates can be ignored doesymmetry

at the plate edgeéppropriate boundary conditions showtidl beverified by testing

As theplate deflectionncreases, the small deflection theomerestimatethe plate stresses
and gives conservative resuN8hen the deflection ia plate increasesnembrane stresses
occur andstart to carry theoading (Niemi & Kemppi 1993, p. 154 Largedeflection theory
considers thenembranestresses and therefdatecan givehigher capacitySFSEN 19931-

7 also presents thtabledcoefficients for calculation by large deflection thebugthe small
deflection theory is considered to be adeqdateash hopper plate segmense themore

complicated calculation barge defletion theory is not psented.

3.4 Stiffeners
Stiffeners in a plate are used to increase buckling resistance or limit the global stnesses
deflection Whenaplate is subjected tout-of-planeloading,the main purpose of stiffeners
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is tohelp carry theplate bending moments and then ligidbal deflection and overall stress.
Plate bending moment is determining in the directioshafrter stiffenerssoit is moreeffi-
cientto control stresses byimiting the plate dimesiona using stiffenersThe stiffenes
along the long sideesist the total deflectioof the plate andhestress of stiffeneitself can
be determining in tis direction.For compressive iplane loads, the stiffeners are used
increaséucklingcapacityby dividing the plate into smaller sectiolickling capacity can
mainly beincreased by stiffeners along the long sidéhefplate Long stiffeners divide the

plate into narrowsections which are more resistant to buckl{iddemi 2003, p19.)

When stiffenersare welded to the hopper walls with adequsitength weldsthe stiffener
and width of the plate can be consideasd uniform profile.The full width of theplate wall
between stiffenersannotbe utilized due to shear lalp a thin and wide flangeonnected
to a webh thesheardeformatiors arenot uniformacross thevidth of theflange andstresses
aredistributed closeto the web.This means thahe edges ofwide plates arenot stresed

andcamotbe considerefllly effective (Niemi 2003, p38.) Eurocodeconsidershear lag
by reducing the plate width into effective width.a rectangular silo walihe effective width
of plate flangeBer 0n each side of stiffenshould be taken gSFSEN 19934-1/AC 2008,

p. 2):

0 € o0 (12

whererecommended value faffective widthfactor new is 15Uand coefficientUis defined
by theequation wherg, is the yield strength

R ¢ olQ (13

The ptal dfective flange width is then B+ Figure 9 presents the definition of effective
width in a plate walhorizontallystiffenedby L-profiles. Vertical stiffeners are considered

with thesame principle.
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Figure 9. Determination o&ffective width ofwall platestiffened by Lprofiles.

The effective width othewall plateconnected tahe stiffenermay alsobe determinedoy
SFSEN 19931-5. The method is suitable for genestiucturesand itis usedfor comparison
andverification of suitable methofibr the caseFor thecalculation ofeffective width the
effective length othe stiffenerin a plate segmerns first obtained as defined in figud.
Length of stiffenelsis reduced to effective length based on thiocationand boundary

conditions ofthe stiffener.

S Le=025 (Lq+ Lo fl=2Ls

)
[_ﬁ L=085L, | ‘ Bil,=070L, ‘
JINN

Figure 10. Determination of effectiveength(SFSEN 19931-5 2006 p. 8)

The fnal effective width factoib is calculatedy selectingthe correct equation fdactora
based on the sign of bending moment from figLkéSFSEN 19931-5 2006 p. 9)



36

= cL

|'— — |
TU vl oY |:*3
S b u&

2 4

1

——
1 for flange owstand

2 for internal flange

3 plare thickness (

4 stiffenerswith A, =3 A,

X Verification B = value
k< 0,02 f=1.0
1
sagging bendi f=5= -
sagging bending B=b= 1T
2
002<x<070 f=p= !
hoggi i 1 2
ogging bending l-{J,Oi .\'——i-]‘fz s
2500 &
1
sageing bendi = fy=——
sagging bending B=5 50x
= 0,70 N
cing bending f=p,=
hogging bending B=5, 86 n
all x end support fy= (055 + 0,025/ x) £, but & < f,
_LII X Cantilever £ = at support and at the end
A
K= agbol L. with @ = Il 1+—=
L
in which A, is the area of all longitudinal stiffeners within the width by and other
symbals are as defined in Figure 3.1 and Figure 3.2,

Figure 11. Determination of effective widttSFSEN 19931-5 2006 p. 9)

The effective widtlof aflangeon each side of stiffender is then calculated bgquation
wherehyg is half of the stiffener span thecorresponding directiofSFSEN 19931-5 2006

p.9):

0 I w (14

Various profiles are useas stiffenersReadymade profiles are favored sinceyttage cheap
and availableThe inside vertical stiffensrarealways flat bars sthe tension rods can be
connected to themasily, but the horizontal stiffener profiles are chosen-dpseaseCross
section propert® of combination profiles are obtaineég combining the crossectional
properties of the stiffener profile aride effective width of theplatewall. The effective
width changessother dimensions change, so it must be calculstéidually for each
caseand then calculate tlosssectionpropertiesFigurel2 presents the crossections of
various stiffener profiles anthble 6 presentghe correspondingrosssection properties
Properties are obtaindy Solidworks 2020 CABsoftware.
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Figure 12. Crosssections oWariousstiffener profiles

Table6. Crosssection properties ditiffener profileécomputedvith Solidworks 2020)

Crosssectional | Distance of neutra Second moment afrea
Stiffener profile areaA axis from bottom ly
[mm?] Zo[mm] [mm*]
Flat 50x5 250 25 52083,3
Flat 60x6 360 30 108000
Flat 80x8 640 40 341333,3
Flat 100x10 1000 50 833333,3
L 50x40x5 430,8 34,4 132643,2
L 60x40x5 480,8 40,3 200365,7
L 80x40x6 692,2 51,2 483498,2
L 100x50x6 874,3 64,7 967563,8
L 100x65x7 1124 67,4 1306751,2
L 120x80x8 1554 81,3 2644155,5
U 120 1651,8 60 3920744,9
U 140 1841,8 70 5994616,9
U 160 2189,6 80 9208447,1
T 50x6 579,4 35,4 132092,6
T 60x7 812 42,7 267550,2
T 70x8 1083,5 49,8 487183,9

The combined area of stiffener and effective widtiplate Aprof is calculated by summing

theareasof components togethéBFSEN 19931-3 2006 p. 121):

The center ofhe areain y- and zdirection also defines the position thfe neutral axisn

both directionsThe center oireain they-axisandneutral axis positioaround zaxisyois

calculatedas(Salmi & Pajuner018, p. 410Q)

(19
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L 0WQ0 B 0w (16)
Consequentlythe center ofthearea inthe z-axis and neutral axis position arounaxis zo
is calculated agSalmi & Pajunen 2018, p. 410):

. 406 B 0« 17
0 B 0

The second moment tieareaaroundthey-axisof the combination profile isalculatedas
(Salmi & Pajunen 2018, p. 410)

(18)
(© aQod T 0 Qp

where ly,iis the second moment of area of individcamponenaround yaxis
dzi the distance between components neutria amd combination profiie

neutral xis in z-direction

The second moment tieareaaroundthe z-axisof the combination profile isalculatedas
(Salmi & Pajunen 2018, p. 410)

(19)
(© Q6 G 6Qj

where I.iis the second moment of area of individoanponenaround zaxis
dy,ithe distance between components neutral axis and combinationgrofile

neutral &is in y-direction

In unsymmetrical - and Uprofiles the center dhearea or the torsion center is not located
along thecenter oftheflange line(figure 13). The resultant of the pressure load is subjected
to the flange line and therefore the load is eccenégardingthe center ofthe area and

torsion centefThis causeadditionalstress byecondarylistortionand torsionn the profile.
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However, the effect is considerasdhall andneglectablen analyticalcalculations but the

effect is consideresh FEA when utilizingshellor solidelements

Torsion center

: Sl Y

x

z

Figure 13. Principlelocations otthe center of area and torsion cermeplate wall stifened

by L-profile.

The combination profile malpe analyzedy considering it as beam A single stiffener
carries thepressure loadf half a plate segment on each sidehafstiffener.The pressure

exerted on thelate segment may be expressed lse loadq to the combination profile:

h on N @ (20

The giffeneris a continuousprofile along the plate wall, she length othe stiffener in a

plate segment may lmnsidered as a beam rigidly supported by its edges.maximum

bending momentmax of a rigidly supported bemis at suppor{Valtanen 2019p. 323):
A% (21)
P CQ

The bending stress of stiffégix may thenbe calculatedby a general equation for bending

stress

n (22)

andsection moduludVis definedby anequation where is themaximumdistance fronthe

neutral axis:
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The outside horizontal stiffener profilearround the hopper walls, but stiffeners cannot be
directly joined together at the corners due to the angles of hopper walls. Qlatesare
used to join the flanges of stiffener profiles, so the stiffenernswatk asa uniform arc
aroundthehopper and can transfer the forces across corners tthtedteess away from the

wall corner jointgfigure 14).

Figure 14. Cornerplatesbetweerhorizontal stiffeners

Tension rodsire part of the stiffening structufRodseffectively stiffen and reduce stress

in whole plate walls byhortaing thesupport length of stiffeners andherefore reducing
the bending momentfespectively it also haan effect on the stress of plate segments.
Tension rodareattachedo the junctions of stiffeners to suppbdthvertical and horizontal
stiffenersefficiently. The imiting criteria for tension rodarethe loss of stability mder neg
ative pressure or plasticity due to tensile forces with ash load and positive présSES
19934-1 refersto tension rods as internal tiesd presets ways of assessing the internal
forces By asimple methogdtheforce per unit length dfe gt may be approximated by (SFS
EN 19934-1 2007, p. 98):

A o6 (24

with:
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. 0] 2

5 2 (29)
Q

where pv is the vertical pressure within the stored material at the tie level

bt is the maximum horizontal width of the tie
Ct is the load magnification factor

Csis the shape factor for the tie cresection
ki is the loading state factor

bt is the tie location factor, that depends on the position of the tie vaithio

The value for shape factQs for circular profiles isecommended to be 1.0 atiek highest
value for loading state factér is during dischargand is recommended to Be0. For all

ties of ash hopperthe locationfactor b should be taken as 1.0 since all tension rods are
betweeropposite walls(SFSEN 19934-1 2007, p. 9.)

The tension rod forcasan be simply estimatday dividing the wallsegmenténto pressure
areassupported by theorresponding tension rodBhe pressure ardar rod Arod is consid

ered as the ardaoundedby half the tension rod span wertical and horizontadlirectiors.

The nethod does not consider the boundary conditions or stiffness of the wall, sc the ob
tained resultshould beconservative as the tension rods are assumed to support the total
pressure load of the wallEheaxial forceNeq is then calculated by multiplying thgessure

area with the total pressure exerted on the ameaonsidering thepecificwall angleUyar:

0O AT |0 o N N (26)

Thetension rod forceare more accurately obtained by numerical mettikdsFEA. The
use of methogresented in SFEN 19934-1 should be verifiedincethe hopper structure
cannot be explicitly considered asectangular siloWhen using moreletailed numecal
methods geometrically nodinear analysi§GNA) is recommended tbe performedo de
terminethe rod axial force Neq and bendingmomentsMeq. GNA takes into account the
secondorder effectand stiffnes®f hopper walls(SFSEN 19934-1 2007, p.99.)
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3.5 Effect of hgh temperaturesn materials

When a boiler is in operation, the ash hopper is constantgrhigh temperatures as hot

flue gases flow through the hopper. The flue gas temperatures depend on the boiler type and
configuration but can be up to 550 °C when passing through the hépglertemperatures

set special demands fthre material and desigi.emperatures affect the mate'samhechan

ical properties, most importantly the yield strenigind the ultimate strengthare reduced.

High temperatures also introduce new harmful phenomena like creep, which is often a sig
nificant structural criterio in hightemperature application&6nzéalezVelazquez 2020p.

226). The temperatureslsohaveaneffect on othedesign criteria likehe strength ofvelds

and stability, and the relevamétailsarepresentedn the corresponding chapters.

3.5.1Mechanical properties

Material selection in thighesisis limited to EN materialsDetailed material properties of
EN-steeldn high temperaturesan be found frorkurocode standard® they can be reliably
usedin conjunction. Material properties are the key aspaatiefining the allowablecriteria
for ultimate limit statesSFSEN 100282 presentsnechanical properties folat products
made of steels for pressure purpo3eble? presents the elevated temperapn@perties of
relevant materials used in ash hoppeith platethickness < 16 mm. Standard onlyon

siderspressureggrade steels

Table7. Strengthproperties oflat products made of steels for pressure purp¢SESEN
100282 2017, p. 16).

For plate thicknesseg < 16 mm

Steel name  Number | Minimum 0.2 % proof strength Ry.2 [MPa] at temperature °C
50 | 100 | 150 | 200 | 250 | 300 | 350 | 400 | 450 | 500

P235GH 1.0345 | 227 | 214 | 198 | 182 | 167 | 153 | 142 | 133 | - -
P265GH 1.0425 | 256 | 241 | 223 | 205 | 188 | 173 | 160 | 150 | - -
P355GH 1.0473 | 343 | 323 | 299 | 275 | 252 | 232 | 214 | 202 | - -
16Mo3 1.5415 | 273 | 264 | 250 | 233 | 213 | 194 | 175 | 159 | 147 | 141
13CrMo45 [1.7335 | 294 | 285 | 269 | 252 | 234 | 216 | 200 | 186 | 175 | 164
10CrMo910 [1.7380 | 288 | 266 | 254 | 248 | 243 | 236 | 225 | 212 | 187 | 185

SFSEN 130847 presentgproduct specifications of cylindricateel fabrications for use in

singlewall steel chimneys and steel lin¢table8), and #o standard recommesdbtaining
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theelevated material properties from this stand@ahditions of a chimnegrealsosimilar

to ash hoppem terms of temperatures and flue gases flowing throSHSEN 130847
alsopresents properties of structural steblch are used in the ash hopp&falues ar@nly
tabledfor plate thicknessesup to40 mm, and therefore the strength values are |diam

for the same materiajsresented in tabl@. Comparing thestrength propertieBom these
standards with equal plate thicknesgsbe properties are identical ftire same materials.
However,SFSEN 100282 does not recommend the use of certain steels in as high temper
aturescompared to SF&EN 130847. The strength values given in SIEBl 130847 are

slightly conservative as the usual plate thicknesses used in the hopper are leSsihan 1

Table 8. Strengthproperties ofsteels at elevated temperatu&-SEN 130847 2013 p.
8).

For plate thicknessed < 40 mm
Steel name  Number | Characteristic value of yield stresdy [M Pa] at temperature °C
50 | 100 | 150 | 200 | 250 | 300 | 350 | 400 | 450 | 500 | 550 | 600

S235JR 1.0038 | 235 | 190 | 175 | 160 | 140 | 120 | - - - - - -
S275JR 1.0044 | 275 | 215 | 200 | 185 | 165 | 145 | 125 | 104 | - - - -
S355JR 1.0045 | 355 | 260 | 245 | 230 | 210 | 190 | - - - - - -
P265GH 1.0425 | 247 | 232 | 215 | 197 | 181 | 166 | 154 | 145 | 80 - - -
16Mo3 1.5415 | 268 | 259 | 245 | 228 | 209 | 190 | 172 | 156 | 145 | 139 | - -

13CrMo45 |1.7335 | 285 | 275 | 260 | 243 | 226 | 209 | 194 | 180 | 169 | 159 | 76 | -
10CrMo910 |1.7380 | 270 | 249 | 238 | 232 | 227 | 221 | 211 | 198 | 185 | 173 | 83 | 44

In addiion to material strength, material behavmalsoaffected bytemperaturesy o u n g 6 s
modulusE displays theslope ofthelinearelasticzone in thestressstrain curveThe rominal
value of Youngds motakenlaz24d000MPa, but ds theeténgperatuses u s u
are higher, the modulugs slightly reducedSFSEN 130847pr esent s val ues
modulusfor variousstees in elevated temperaturebable 9presets the values forsteels

relevant to ash hopper design.
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Table 9. Characteristic values of Youngs's modulu$or steelsat elevatedtemperaturs
(SFSEN 130847 2013 p.9).

Steel name Number| Characteristic values of Youngs's modulBfGPa] at temperature °Q
20 150 250 350 450 500 550 600

S235JR 1.0038 | 210 205 200 192
S275JR 1.0044 | 210 205 200 192
S355JR 1.0045 | 210 205 200 192
P265GH 1.0425 | 210 205 200 192 184 180
16Mo3 1.5415 | 210 205 200 192 184 180
13CrMo45 |1.7335 | 210 205 200 192 184 180
10CrMo0910|1.7380 | 210 205 200 192 184 180

3.5.2Creep

Creep isdefined aglastic straimccurringwith constant stress level high temperatures
The plastic strain occurs kiwer stress levels than the nominal yield stresheatorre
sponding temperaturblltimately theplastic straingnaylead tocreepfracture Roughly, the
creepcan beassociatedvith temperatureabovehalf of the absolute melting point of steel
material(Kassner2009 p. 3). Typically, creep is starting to bee dominant design criterion
in steelsexposedfor long timeto temperatures of00 - 500°C as creeptrainstartsto occur
andthecreep stress lower than the yield strength #hite corresponding temperatur@hort

exposure times do not inducesepbehavior.

Creep can beharacterized int@ stagegfigure 15). Stage 1lis thetransient creep stagk.
stars with theinitial deformationwhich correspondto the applied stresi the beginning
creep rate is high buabenit decreases ta constant levehsstrain hardeningncreasesin

the £cond stagaheequilibriumstate between strain hardening and recovery is maintained
resulting in an even and minimum creep strain. This is the longest creeprstiattperefore

the most importards itis commonlyusedasthe cefining limit. In stage 3ertiarycreep the
strain rate is accelerated pyecipitate coarseningecrystallization,and te reduction of
crosssection aredJltimatelythe creation of grain boundary voids will lead to creep fracture

if the stresses are high enou{BonzalezVelazquez 202Qop. 227-228)
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Strain, &

(de/dr) = Constant

log Time, ¢

Figure 15. Stages otreep(GonzéalezVelazquez 2020. 228).

Eurocode do not set gecific requirementior creepin terms of analysis and design criteria
but SFSEN 100282 presend creep propertiesf pressureggrade steelsProperties include
strengtlts for 1% plastic creefui.oand creep rupture strendg®cfor different durationsin
direct engineering application it is relevant to tlsereadily availablanaterial datan the

analysisThe creep properties for the relevant staetspresented in appendix

Stress levels and temperatures are not constantly high during the design life of thé boiler.

is the designer ds r espons ictitarid for the applied steds s e s S
ture based on the stress levels and estimated exposure time on the tempEnaepesip

ture strength is considered as the limiting condition for ash hepgen flue gas tempera

tures are within the creep temperaturethefused material$Vhen temperatures are within

creep temperatusebut the creep stress is higher than the corresponding yield stress, the
elevated temperature yield strebsuldbe used as the design strerfgta (Niemi & Kemppi

1993, pp. 6769).

Eurocodes do nadirectly present creep properties for structural stéeds could be utilized

in the calculabn butSFSEN 19931-2 presents rules for structural fire design for structures
subjected to high tempetaes.Standard presents strestsainformulas forstructural steel

in different temperature®ased on theimplemodels the effective yield strength is consid
eredto be constant until 400 °Cand at higher temperatures rapidly decre@e.nodel is

not consistent with the material propertigesented by SFEN 130847 (table8), as the
strength values are significantly reduced even below 400K€ structural firelesign code

is mainly intendedfor relatively shorexposure times to fire anldereforethe materiaprop
ertiesarenot verified to beapplicable for structures exposed to high temperafordsng

periods of time
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3.6Dimensioning of velds
All parts of the hopper are joingdgether by welding, making it a major part of the design
and assembly. Most of the welds in the hopper are fillet welds in addition to corner joints
and butt welds of joining wall elements. Weld joints can be further categorized by the load
ing subjectedo them, to enable efficient design and dimensiondogntscan be divided
into 4 categories:

1 Loadbearing joints

1 Fixingjoints

1 Binding joints

1 Non-loadcarrying accessory joints
(Niemi & Kemppi 1993, p. 16-20.)

Load bearing welds join adjacettmponents in series, making the weld a critical compo
nent. Loading can be primary tension, compression, shear, or bending. They are-often de
signed as equal strength to base material to provide maximum strength and deformability.
Fixing welds join adjac® components in parallel to make sure components work as one
part. The main loading is the shear force between joining compoEiemi & Kemppi

1993, pp. 16€17.) Considered weld joints of the ash hopper only include-lwesating joints

and fixing joints.Figure16 presents theharacterizatiorof weld joints andqint types of a
general ash hopper.

Figure 16. Introduction of different joints and joint types of an example ash hopper.










































































































































