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Summary:

The transition towards the use of more renewable energy is an essential subjec
imminent climate crisis. Biomass can be converted sgtiasn a gasification process
The formation of agglomerates in auBbling Fluidized Bed (BFBYasifier is a major
problem whergasifyingbiomass tesyngas. An agglomerated bed may lead to instah
in the fluidization process These instabilitiesare incomplete fluidization, fluid
channeling, and defluidized zones in the gasifier. In the worst cases, aggiomeray
lead to complete defluidization of the bé&the objective of this thesis is to develoj
Computational Particle Fluid Dynamic (CPFD) model to simulate the flow behavig
hot BFB with agglomerates.

The CPFD model is created using the commesnétiware Barracuda Virtual React
17.4.1 and validated with experiments performed in both cold and hot models o
The models showed promising accuracy when compared with the experimental dg
cold and hot BFB had an average deviation of 6 % ,aateviation of 3 %, respectivel
The minimum fluidization velocity fothe cold and hot model was 6 % and 12
respectively.The hot BFB geometry was scaled up from-dable to pilotscale using
Gl i cksmanos . Bhe pilbtiscalgl bed uinéedesladditional agglomerates
corresponding to 20% of theed volumeo affect the flow behavior.

The agglomerated bed simulation gave promising results. The simulation s
similarities intheflow behavior withexperimental data found the literature The overall
pressure gradient over the bed decreased, and the minimum fluidization v
increasedThe CPFD modeis capalte of predicting the fluidization process1 a BFB
gasifierwith agglomerates.

The University oSouthEasiern Norway takes no responsibility for the results and
conclusions in this student report
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1 Introduction

1 Introduction

This chapter addressthe backgroundhe objectives, andthe scope.

1.1 Background

The transition towards the use of more renewable energy sssentialsubject for the
imminentclimate crisisAs the global energy demaimsigradually increasing drive to use
more sustainable energy source than fossilisiedsential for the fute. Biomass is considered
a renewable energy souraerd is more sustainable than fossil fli&]-[3]

Syngass isextracted from biomass throughiheermoclemical procesg&nown as gasification.
A fluidized bedreactoris usedfor gasification, to ensureroper mixing of biomass and
fluidizing gas, and thuligher heat transfer amdoreuniform temperaturen thereactor [4]

Usingfluidized beds offer both advantages and disadvantages when performing gasification.
Some of the advantages arstdd above, and the disadvantagesthat agglomerates can be
formed Agglomerates are created from the bed materials anddhganiccomponents from
biomassUnder hightemperature operationthe alkali metals, whiclarepresent in biomass

ash, reagtwith the bed materiahnd create agglomerates. Agglomeratimaydisrupt the flow

in the fluidized bed and thwa#fect the overall efficiency in the befh]
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1 Introduction
1.2 Objectives

Agglomerates are generated when char is gasified at high temperatures. The saghdnelt
becoms a sticky glue. This stickinessan make the bed materials lump together and
agglomerateThe objective is to be able simulatethe operating paraetersin the fluidized
bed when agglomerates are pres€hen create a modtiatcanpredict the flow behavioof

an agglomerated be@he modeis createdhroughexperimental andomputationamethods.
Computational Particle Fluid Dynamic (CPFid)usel to createhe computationainodel for
the study Thefollowing achievements state the main objective

1. Literature survey:
- Get a general understanding of gasification and the various steps-aipd set
- Get a general understanding of hagglomerates are creatadd how they
affectabubbling fluidized bed (BFB).
- Get ageneralunderstandingf how to scale various reactors from-4sdale to
pilot-scaled
2. Performing experimestto find out thepressure gradiergnd minimum fluidization
overacold and hoBFB.
3. Develop a CPFD model through comparison and validation with a cold and hot
experimental BFB model.
- Drag model tests:
i. WenYu
ii. Ergun
iii. WenYuErgun
iv. TurtonLevenspiel
v. Non-Spherical
- Parameter tests:
i. Close Pack Volume Fraction (CPVF)
ii. Transient duration for each fluid velocity
iii. Timestep
iv. Grid resolutions
v. Pressurdransient point locations
vi. Sand Particle Size Distribution (PSD)
4. Utilize the validatedCPFDmodel to simulatéhe flow behavior withan agglomeratd
bed
- Main tasks to achieve:
i. Up-scale the lab-scaled gasifier to a pilot-scaled gasifier with the

Gl icksmands method and validate the
il. Find the amount ohgglomerateneeded taffect theflow behavior in
the bed
iii. Simulate with the found amount of agglomesaad see the behavior
in theBFB.
iv. Compare the behavior of simulated results with existing experimental
results.

14



1 Introduction
1.3 Overview andScope

It is performed anmnvestigaton onhow agglomerates affect thiew behavior in a fluidized

bed througtsimulation anditeraturestudy A CPFD model is developehd validatedhrough

a data comparisohetweena computational tooland lab-scaledexperimerdl modek. The
experimental models are both cold and hot bubbling fluidized bbeexperimentahotBFB

model is saled up to a pilescale for the CPFD model to function with agglomeraiés
pilot-scala@l gasifieris then simulated with an agglomerated bed, then analyzed and compared
with the literature study.

Chapter Zovers adetailediterature study omthe gasificationprocessandhow agglomerate is
formed Theliterature study also includéow agglomerateaffectthe flow behavior and the
stability inabubbling fluidized bed

Chapter 3xplains Gicksmaris rulesof scaling

Chapter 4ncludes both detailed explanationfdhe experimental setps and gresentation
of the results gathered from the experiments.

Chapter Scovers four subjects. First is a short explanation of what CPFD is, second is a cover
of the parameter used when creatingrtioelel, third covers theariousmodel test, and fourth
utilizes all the previous subjects tweate a modelhat may simulatethe behavior ofan
agglomeratd bed

Chapter 6presers the simulated result§rom the experiments for validation and the
agglomeated bed. There is also inckdidiscussion alongside the presented results.

Chapter 7covers theconclusionfound through simulatiaand literaturaeview.

15



2 Biomass Gasification

2 BiomasdGasification

This chapter covers the maiconceptsin a biomass fluidized bed gasifier and how
agglomerates are created. The chaptalsisaddressind@dFB parameters andthe effectthatan
agglomeratd bed hason the flow behavior for a BFB.

2.1 Gasification Process

Gasification is aseries ofchemical reaction where hydrogen and carbon monoxide are
produced from organic composed material with a restricted supply of axygenproduct
composition is also known as syngas. Gasification can be performed on various hydrocarbon
containing material including coal, waste, and biomass. Gasification carries similarities to
combustion but varies in the aspect of energy conservation. Gasification packs energy into
chemical bonds, while combustion breaks them to release eigrjy]

The gasificatiorproces®f biomass typically includes a chain tégs.These gasification steps
include drying, pyrolysisscombustionand gasificationas illustratedn Figure2.1. [5]

Gases:

(CO, H,,
CH,, H,0)

Liquids: Gas phase reactions CO, Hy CH,,
(tar, oil, » H,0, CO,,

naptha) / (cracking, reforming,  Cracking products

combustion, shift)

Drying

Oxygenated
compounds:
(phenols, acid)

. CO,H,, CH
. Char—Gas reactions 2T
Solid: — » H,0,CO,,
(char) (gasification, Unconverted
combustion, shift) carbon

Figure2.1: The chain of stepsia @sification procesg$s]

Biomass is organic material that has been formed from the plant's and animal's circle of life.
Thus, instead ofvaiting millions of years for this to become fossil fuels, it can be used right
away.[5][7]

Biomass can produce three different types of primary fuels. These are liquid fuels, gaseous
fuels, and solid fuels, the variety is showrmable2.1. The fuelsare organic, and if produced
from biomass, viewed as renewalg]
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2 Biomass Gasification

Table2.1: Some fuel productsfrom biomasspresented in each phasef matter [5]

Phase Fuel Products

§ Liquid Ethanol, methanobiodiesel, vegetableil, and pyrolysis oil.
 Gaseous BiogagCHa, CO»), substitute natural gas(CHa), and synga¢CoO, H>).
T Solid Charcoal, torrefied biomassndchar(biochar)

Drying includegheremoval of moisture that the biomass contafnkigh amount of moisture
uses more energyom the gasifier to vapize the watebefore the gasification starts, thus
higher energy loss/usadé]

Pyrolysis is in general, a thermochemical decomposition of biom#@ks process can be
viewed as similar to devolatilization, carbonization, torrefaction, destructive distillation, and
thermdysis. Pyrolysis is a process where noncondensable gases, solianchiguid product

is createdat high temperatures under a specified time with the absence of oRygelysis
three principle types of produase shownn Table2.2. [5][7]

Table2.2: Some products from pyrolysisf biomass presented in each phasematter [5]

Phase Composition

§ Liquid Tars, heavier hydrocarbons, and water
1 Gasous e.g, COp, H0, CO, GH4, CoHe, CsHe
§ Solid Char and carbon

Pyrolysis can be divided into two broaldssificationsFast and sk pyrolysis, whichs based
on the heating rate. Fast pyrolysis has fast pyrolysis reaction time and tends to credte bio
and gas. Slow pyrolysis has a slow pyrolysis reaction time and usually is used to create char.

[5]
Pyrolysis is an important pigtep for a gasification process and can be represented by a generic
reaction such as reacti¢R 2.1) [5]

#(/ AET 1 AQO #(/ # (1 (1 # AEAO (R2.1)

Gasificationsharessimilanties with pyrolysisandtorrefaction But pyrolysisand torrefaction

do notuse any medium to initiate the decomposition process. Gasification needs a medium to
initiate the process to rearrange the molecular structure of the biorhassneiums usedto
convertsolid biomassnto favorable gases and liquid$]

From Prabir Bas{b]:
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2 Biomass Gasification

AThe use of a medium is essential for the gasification prpedssh is not the case for
pyrolysis or torrefaction 0

Gasifying mediumis used to react with carbon and heavier hydrocarbons. The medium
convert the carbon anlydrocarboninto CO and H gaseswhich is categorized as lew
molecularweight gasesThethree mainly used gasifying mediums are:

- Oxygen

- Air

- Steam
Oxygen isoften thefavorablegasifying mediunto use as itcan control if the reaction is
combustion or gasificatioffhe products of oxygen asyasifying mediunmareCO witha low
amount ofoxygen anccarbon dioxidgCOp) with a high amount. When the is an excessive
amount of oxygein the airfuel ratig thenthe process moves from gasification to combustion
and the products go fTheflme gasfisunetiwantpdimgficatioo Af | u
because it has no heating valltd

The oxygen can be supplied to the gasifier in the form of pure oxygen or air. If air is used, then
the nitrogen in the aimay also influence the product stream. Tii&ogen candilute the
productgasand reduce its heating valué steam is usedhen the producinay have more
hydrogen per unit of carbandis often presented as an H/C rafk)

2.2 Gasification Technologies

Thetwo commonbiomasgasifiersare categorized as either fixed beds or fluidizeds. Both
the categorizatianare presented irFigure 2.2, where the updraft and downdraft axeo
examples ot fixed bed(a). Bubbling bed and circulating bed arenfigurationsof fluidized
beds(b). The two latter are also known as Bubbling Fluidized Bed Circulating Fluidized
Bed (CFB) [8]
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Updraft Downdraft
(countercurrent) (cocurrent)

a) Fixed bed reactors

Bubbling bed Circulating bed

e Ry, e
= 3

-

AR

b) Fluidised bed reactors

Figure2.2: lllustration of the two bed categorizations with different configuratifis.

Inthe updrafgasifier, fuel orbiomasss fed at the topf the reactor. The biomassthengoing
through thegasificationprocesss it is moving downward3hereduction and oxidationones

from Figure 2.2 are gasificationand combustion respectively The air issuppliedthrough a
grate at the bottomfdhe reactar The suppled air is thentraveing upwards and interacting
with the hot char When hot char and air interact, combustion occline. combustion forms
gaseous productiat interact with the biomass. The interaction is in the form of heating and
drying the biomass. The closer the biomass is to the combustion, the lesser oxygen, and the
higher temperature is present. These conditions are ideal for biomass to undelggspyro
After pyrolysis, comes thgasificationzonebefore it ends in the combustion zombke poduct
gases are exiting at the top of the eklile theash accumulates at the bottorhistechnology
tends to produce more tars in the gaseous prodmetpared tothe other configuratias [5]-

[8]

Another typeof fixed bed isa downdraft gasifier, where the air and the biomass are traveling

in the same directiomside the bedThe combustion zone is in the center of the bed, making
the biomass entering a drying zone then a pyrolysis zone as it travels downwards. After the
biomass has left the combustion zone, it is in the gasification Zoeduid flow is traveling
downwards and out. That results in the product gases accompanying the fluid flow and thus
travels through a hot zone. The product gases leave the hot zone and the gasifier with a
temperaturearound1000 °C. In downdraftgasifiers, tars that accompany the ¢asds to
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2 Biomass Gasification

undergo cracking when occupied in the hot zde dwndraftconfiguration tends to leave
less tar in the product gathan what the updraft configuration.5]-[8]

A Fixed-bedlacksthe ability to create a wethixed environmenfor good contact betweegas

and solidsand a uniformly distributed temperatuféese abilities give thexcellentheatand
masstransfer qualities that fluidizebled ha. A Fixedbed gasifier is also pron® get
agglomeration when asdl with fuels that have aigh potential of forming agglomeras A
Fluidizedbed utilizes a fluidized mixture ofinert bed material and air to generate a
environment for biomass to undergo tiezessargtepsn gasification Between thefluidized-

bed configurations CFB enables a more turbulent mixing in the reactor than its counterpart
BFB. TheCFB system isisually accompanied withreser andcyclone. The cyclone separate
solid particles from the gas streaand returs the particles to the base of the rigbj-[8]

2.2.1 Bubbling Fluidized Bdéarameters

BFBsarea very crucial technology, especially operatiomgre gassolid mixingis essential.
The fluidized bed gasifier usually operates with a bed temperaround 80000 °C,and
900°C for biomas A bubbling fluidized bed with dense bed matehakregions in the bed
where there is low solid densitgndthese regions are called voids 6r bubbles. The void
cancontrol the gross particle movementahe mixing capability between gas and particles.
The gas velocity which theroids areinitially observedin the bed is calledhe minimum
bubbling velocity ¢ ). The minimum bubbling velocity relies on particle size, densityl
void fraction to mention some of them. Small bubbles are ideal because they make the gas
move more uniformly throughout the hexhdresults in particles to become more distributed
in the fluid stream. But practically, the bubbles tend to coalescgrandas they travehe bed
upwards[9]-[13]

Minimum fluidization velociy (6 ), which isanimportantparameter, ithe velocity at which

the bed material starts to have the same characteristee$igh viscous liquid.There are
derived a variety of theoretical models to calculate mininflurdization velocity. One of the
most known theoretical modedis predict minimum fluidization velocitis derivedfrom the
buoyancyequalsdrag balanceincluding the Ergun equationat low Reynolds numberdhis
model is shown in equatid@.1). [9][10][13][14]

A ?"‘QZB -
pum p -

(2.1)

Where the is the sphericity of the bed materjal  is the void fraction at minimum
fluidization velocity, A is the particle diameteiQis thegravitational acceleratiorY” is the
difference in density betweayas(” ) and particlg” ), and' is thegasviscosity.Wen and
Yu have derived an approximate relation for equat{@ri) when the Reynold number is less
than 20 as shown in equatiaf2.2). The relation is shown in equati¢h3). [9][10][13][14]

o o Q
YQ — QT (2.2)
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5- P 23)
p - PP

With therelation shown irequation(2.3) implemented in equatigf2.1), the finiskedresultis
as shown in equatiof2.4).

S oUT (2.9

From euation(2.4), it is shown that the minimum fluidization velocity is dependerganticle
diameter, gas viscositfiuid density, andolid density.[9][10][13][14]

Equation(2.4) shows the theoretical approach to find the minimum fluidization veloTitg.
experimentabpproach to finding the minimum fluidization velocity is made by plotting the
datawith the pressure gradient.\&iperficial velocityTheexperimentahpproachsillustrated

in Figure2.3. [15]

)

™ L]
o / \
" e~
L b el ..
|« Fixed bed > Fluidized bed

(Pa
m

Pressure gradient (

Up g

m
Superficial velocity (—)
s

Figure2.3: Graphical localization of minimum fluidization velocity irpaessuregradient vsvelocity plot. [15]

Figure 2.3 shows an ordinary pressuggadientvs. superficial velocity profile When the
pressureggradient is at its maximum, that is when the bift from a fixed bed tafluidized
bed That means that the velocity ahe maximum pressure gradient is the minimum
fluidization velocity.[15]

After the bed is fluidized, the overall pressure gradient in the bed shoulbdéeame smaller
Figure2 4 illustratesthe changes in the minimum fluidization profile attee beds fluidized.

[13]
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Figure2.4: Ideal textbook behavior in a bedth uniformly sized sandepresented in pressure drop¥r)) vs.
superficial velocity 6 ) plot. [13]

From Figure2.4, Y1 is the maximum pressure drapd- is the voidwhen the bed has
not been fluidizedAfter the bed has been fluidized, the voiebgtween the particles higher
thanbeforefluidization.An increase in the voithakes it easier for the fluid to travel between
the particles, making the pressure drop over the bed smaller. This fluidized voichowever

is very sensitive, a little vibration or external interference may revertt back to- . When
the void is back to its initial value after being fluidized, thaximum pressure drop must be
reached again befotee bedbecomes fluidized13]

2.3 Principleof GasificationReactions

The charcreated through pyrolysis of biomass is often composed of hydrocarbons and not only
pure carbonThe numberof hydrocarbonss of a certain amounand includes elementsas
hydrogen and oxygeihecharacteristics atharmade from biomasareit being more porous
and reactive thacoke made from carbonized coalhe char from biomaséas a different
behavior than chars from coal, lignite peat.The char from biomadsecomes more reactive
with conversion, while char from either coal, lignite or peat decreases in reactiviy as
converg or as time goed he difference in reactivitis mainly due to thdifference inthesize

of thepores and porosityThe pores in char from biomagss a width of 2B0um, while the
char fromcoal has a width afoughly 0.0005 um The porositybetween char from biomass
and coalis in the range of 460% and 218% respectively The opposite trents shownin
Figure2.5, wherethegasification of peat is represented with pugtds points, and hardwood
iswith bluedata points. [5][7]
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Figure2.5: Peat vshardwoodunder gasificatiolin steamcomparedn a conversion diagranb]

A big part of biomass gasification is teeveralchemical reactios betweernthe gasifying
mediumand the charSome examplesfdhese reactions are showneqguation(R 2.2)i (R
2.5),wheresolid carbon, hydrogen, carbon dioxide, hydrogen, steam, and metfeapeesent

[517]

F®I G 060 HE QD
GBI 660 60
EBI 060 §0HE QG
§@i 00 60

(R 2.2)
(R 2.3)
(R 2.4)
(R 2.5)

As seen from equatiofR 2.2)1 (R 2.5) these reactions are not balanced, but only represents
an example of the possible outcome when reacting char with gasifying medioesolid
carbonis reactng with different gasifying mediums and converts into {owlecularweight
gasedike carbon monoxide andydrogenwhich is shown balanced rable2.3. [5][7]

Table 2.3 showssome of theassentiachemical reactions happening undesificationwith
theheat of reaction &5 °C. [5]
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Table2.3: Chemical reactiogiin a gasification processpreened withthe heat of reaction at 2&. [5]

Reaction Type Chemical Reaction Equations

Carbon Reactions

Boudouard #O#IP c#HI pXER T (R 2.6)
Watergas or steam # (1P #1 ( pobH Il (R2.7)
Hydrogasification # ¢ (P # Xx®EFII (R 2.8)

# ™ P #/ ppRATI (R2.9)

Oxidation Reaction

# 1 O#/l owEMII (R 2.10)
#1 @ O #/ quEMNTI (R 2.11)
#( o P #I o/ wnEATI (R2.12)
( m™/ °(/ crEmii (R 2.13)
Shift Reaction
#1 (1P #1 ( TREMITI (R 2.14)
Methanation Reaction
CH#HIc(Oo#( #/ ctTEAII (R 2.15)
#1 o(P#( (/1 cnBHITI (R 2.16)
#1 t( O#( ¢(/ poBFII (R 2.17)
SteamReforming
Reaction
#( (/P #1 o( cmpA T (R 2.18)
#( T O#/ ¢( od@H Il (R 2.19)

The gasification process is an endothermic process in nature, but there are some exothermic
reactions as well. ReactigiR 2.8) (R 2.9) and(R 2.10)from Table 2.3 are exothermic
reactions, while reactiofR 2.6) and(R 2.7)are endothermic reactior{s]
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2 Biomass Gasification
Thereadion rateis controlled by theeactivity and the potential of reaction with the gasifying
medium.The reactivity between the mediums can be rankeeviasre the most reactive is
oxygen:[5][7]
1. Oxygen
2. Steam

3. Carbon Dioxide
4. Hydrogen

The difference in reaction raie also illustrated iMable2.4, with equation (R 2.6 (R 2.9)
from Table2.3 listed from fastest to slowe$b]

Table2.4: Gasifying mediums reaction ratepresented anorder of magnitud¢5]

Type of reaction Reaction Order of magnitudelower
Eq(R 2.9) CharOxygen # T P o#/ Reference/Faste
EqR 2.7)CharSteam # (1P #I ( Three to five
Eq(R 2.6)CharCarbon Dioxide # #I1P q#l Six to seven
Eq(R 2.8)CharHydrogen # ¢ (P # Slowest/below seve

2.4 Agglomeration ina Bubbling Huidized Bed

After the char has been gasifjg¢dereareonly inorganic solid residues lgft the reactor. These
inorganic sdld residues are called ash, and pritgacontainsiron, calcium andaluminum
but also small amounts of potassium, sodium, titanium,naaghesiumThe amount of ash
from biomass is usuallginima. However evena small amount of ash can play a significant
role in biomass utilizatignespecially if it contains alkali metagl¢hese alkali metals can be
potassiunor chlorine Componentsuchas grasses, demolition wood, and strewe a high
potential to create agglomeration, fouling, and corrosiangasifier[5]

The operating temperature folomas fluidized bedgasifiersusually isaround900 °C.The
temperatur@atwhichthebiomassash is meltingyaries The melting temperature is affected by
thetype of biomass use@ndthe composition of the biomass a8h example of thdifference

in biomass ash melting temperature l@wn in Table 2.5, where there are three different
biomasses with three different ash melting temperatiites.compsition of the biomass is
not shown[5][10]

Table2.5: Ash melting temperaturfer three different biomassg4.0]

Type of Biomass Biomass Ash Melting @mperature [°C]
Spruce Wood 1170
Miscanthus Giganteus 940
Wheat Straw 915
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When the ash melts or partial melts, the inorganic alkali from the meltedagstinder certain
conditions create a sticky component, whidanctions as an adhere between the ash
components and the silica in the sand. With this adhesive function in the bed, a bigger entity
than the existing bed particlesay be formed. This bigger entity, consisting of both the bed
material and the components from redltash, is called an agglomerdtggure 2.6 shows
multiple agglomerate whicharecreated byneltedbiomassash and sanﬁiarticles [5][15][16]

Figure2.6: Agglomerats from fluidized bedbiomass gasification.

The agglomerates are shown to be of various sizes and shapes, thus making them harder to
fluidize sufficiently like the bed materighn agglomerated bed creatastability in the bubble
frequencyand fluid channeling Agglomeration can also lead to zoneshe fluidized bed

whereit may defluidize. In the end, the fluidized bemn suddenlyandcompletelydefluidize.

The bubble frequency and deftlized zones ardlustratedin Figure2.7. From experimental
studies[15], agglomerates are approximated to have a size that varies between 2 cm to 8 cm
with a density of 1506 kg/f[15]-[17]

Normal Condition Agglomeration Condition

Section 1 Section2 Section3 Section 1 Section 2 Section 3

----- 1.—----::----- =-----::—----EE-----
= 65

Q i ) -~ D i

OIS # O o
o a ~aER. A

Fluidization Gas Fluidization Gas

Figure2.7: Fluidized bed bubbling frequendyoth with and without agglomeratg§8]
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Depending on where the agglomeration is locai#illy in the bed, thé/n may increase

or decreaseThe Y1

Pressure gradient (Pa/m)

12000
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8000

6000

4000

2000

0

is lower when the agglomeration is located at the bottom and higher
when located at the toprigure 2.8 and Figure 2.9, shows experimental data where
agglomerates have a different location in the bedn agglomerated bedhe overall pressure
drop is lowercompared to theormal fluidized bedThe overall minimum fluidization vetity
increases with agglomeratiofhe minimum fluidization velocityand the¥r is at the
highestwhen agglomeration is locatatlithetop of the bed[15][16]
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Figure2.8: BFB experimentwith no agglomerate(l) and with agglomerates #te bottomof the bedl). [15]
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3 Scaling of Bubbling Fluidized Bé®actor

This chapter includes the background of why scabngsedandhow tocorrectlyscalefrom
lab size taa pilot sizeBFB reactor.

3.1 Glicksma® Ruleof Scaling

The operation conditions in fluidized bed reactors are usually with high temperétigies.
temperaturegprovide difficulties when investigating the fluid dynasio bed It is also
considered inconvenient to stop a running reactmcomductexperimentsmeasurements, and

other forms of research purposes, especially when the reactor requires to operate continuously

[9]

With scaling, there is the possibility to design, investigate, and measure the reactor while it is
in lab size thenscale it up to a pilot or industrigized with the same fluid dynamic similarities.

To receive the same fluid dynamic similarities betwé®sn two scaled reactorsproperly
developed scaling rules must be ugég

Glicksmanproposed to use a derived set of dimensionless parameters build upon the governing
conservation equation of particles and fly#]

Equation(3.1), shows the full set d& | i ¢ k snafegendent dimensionless parameters.

” ” '

c’)
h—hih—h—rth) YO (3.2)
From equatiorf3.1), 6 is the superficial velocity is a chosen length dimensijanand0 is

the characteristi length dimensioffior pilot-scale and latscale respectahlyfhe ratiod /"Q0
is also known as the éiide number{19]-[21]

According to Glicleman, the beds have fluid dynamic similarities the dimensionless
parametes from equatior(3.1) areidentical to each otheBut to have all the dimensionless
parameters to be identical to each other is difficult to do in pra@icegksman took this into
accountand simplifiedthe setof parameters from equatigi3.1) to becomeas show in
equation(3.2). The Reynolds number is replaced with the ratisugferficialgas velocityd
over minimum fluidization velocity . [19]-[21]

S0

0 ﬁuﬂ—u“h} 3.2
Eh_ Uh5h|3 (3.2

The parameters frongaation(3.2) are affected by twélow conditions These aravhen the
fluid-particle drag is dominated bgertia forces ad viscousforces The inertih dominated
flow is when there are big particles at high velaclige Inertial limit is atReynolds number
equal to ohigher than 400[19]-[21]

Similarly, a viscouslominated flowis when there are small particles at low velocity. At these
flow conditions, the fluids inertidorces arensignificart. The viscouslominated flowlimit is
when the Reynolds number is lower thafl®]-[21]
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3 Scaling of Bubbling Fluidized Bed Reactor
When the Reynolds numbisr4 or lessthe density of the fluids negligible and thus omitted
With thenew condition, lte parameters frongaation(3.2) arethen simplified todbecome as

shown inequation(3.3). The set of equations is knows &lickkmandés Vvi scous
dimensionless paramete[$9]-[21]

O h”—h2 M "YO 3.3
ol UQPB (3.3)
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4 Experimenal Work

This chapter coverexperiments conducted on twidferentlab sizedmodels of a BFBData
gathered from these two experima&Ensetups are usedfor compamg and verifing the
simulateddata.The difference between the twolumnsis that onéds configurated tanclude
gasification while the other does ndihe columnsare namedFB-gasifier and ColdBFB,
respectively Thereareconducted five experimentahsesThreeof thesecases are for Cold
BFB, and the two last cases are for BE&sifier.

Both theexperimentaimodelsuse sand asedmaterial butthe sandnay vary insize andcsize
distribution. The sand size and distribution for both the experiments are found through sieve
analysis.

Gasificationexperiments were performed wittvo differentmass flowratesof air. For each
of the massflow rates the temperature and the pressure were ndtbde was done three
temperatureand pressurenotations witha 10-minute break between them

4.1 ColdBFB

The Cold-BFB consiss of a transparent cylindric tubeThe ColdBFB is open to the
atmospherat the top anavith a distributor plate at the bottom. Theight and diameter of the
cylinder arel40cm and 8.4cm, respectively. There arféressure transducensstalled along
the BFB, and the distance between the transducers is.Ithemmodelis shown inFigure4.1.
[22]

Flowmeters

g e
T M~
8.4cm——
P9
——
i ., P8 | Pressure
cm
- P7 Transducers
P6
P5
10cm P4
Particles I p;
P2
—
D“! i =P—1

5
—brc

Distributor

Figure4.1: Experiment, ColeBFB: thelayout, set up and dimensionfor thecolumn [22]
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The distributr plate islocatedbetween tb pressure transducers &d B. The distance from
thedistribubor plate to Ris 3.5cm. The air was controlled and measured using a flowmeter
The flowmeter showed the measuremenhanmal liter per minutéNLPM or NI/min). The
pressure transducers were read and convertdelsoftward.abVIEW, which also witesthe
results in a text file[22]

4.1.1 Sieve Analysis

The sieves used in the analysis are standard laboratory/test aesaswn irFigure4.2.

Figure4.2: Laboratory sieveg23]

These sieves were used with a sieve shakeshown irFigure4.3, to increase efficiency when
performing a size distribution analysis.

Figure4.3: Sieve shakelf24]

The sand patrticles used as bed matevexkein a size range of 30000 pum. The sieve size
used in this experiment is 355 um, 425 pm, 500 um, and 600Thmsieve analysis can be
found in Appendix B. ie mean patrticle size can be calculated usmetion(4.1) and gives
a value of 53%um.

® O (4.1)
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4.1.2 Bed ParameteyDescriptions
Both the height and the diametef the ColdBFB is known fromFigure4.1. The bed height
was found by using the aspect raie shown in equatia@.2). The aspect ratio was chosen to

be 2.5 which correspond® reither a shallow bed nardeep bedandprovides aheight that
completelycoves sensos P> and R. [25]

. Q
0i N Yoo XD o (4.2)
"Qis the heighof thebed andO is the diameteof the Cold-BFB. The bulk density is found
from:

-— (4.3)

is thebulk density of the bedThebulk densityis beng used todeterminethe paticle
volumefractionof the bed. Th particle volume fraction isalculated usingquation(4.4).

- S (4.9

Where— is the particle volume fractiorand” is theparticledensity Sand is used as bed
material and has density of 265kg/m®. Theparametersan be found iTable4.1.

Table4.1: Experiment, ColeBFB: calculated bed parameters

Symbol Result Unit
Q & p a
® PP @3 a

: ot mX o
a
— ™ o

All of the data fromTable4.1 is based on the theoretiatalculatedoed heightThe volume
was usedo measue the amount oband needed fdhe bed.After filling sand into the BFB,
the bed heightvas measured antbundto beless tha the calculatedheight The cause is
thought to be thawhen thesandwasfilled into the column, the sand was poured from the top,
making it travel freely in roughly 1. The free fallof 1.4 mmay have createdmore packed
bed tharanticipated.The newy calculated datavith the new measured heigtan be seen in
Table4.2.
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Table4.2: Experiment, ColeBFB: corrected bed parameters

Symbol Result Unit
Q ™ W a
W P8t &3
’ puTX Q0
a
— ™ X

4.1.3 Experimental Results

The airflow was controlled by a flowmeteand the unit was i @& "“Q&The airflow was
adjusted to run from 2Bll/min to 85NI/min with a 5NI/min increment every 120 secand
The data writingstarts60 seconds afteanincrementatiorchange thus providing the bed 60
seconds to stabilize before the data is notedairflow is converted tan/s as shown iTable
4.3. The data is displayed withpressure gradient vsuperficial velocityas shown irFigure
4.4,
Table4.3: Experiment, ColeBFB: volumetric flow rate converted fmearvelocity.
0 & a 0 a

a'Q: a'Q:
25  0.08 60  0.18
30 009 65 020
3 0l 70 0.21
40 012 75 0.3
45 0.4 80  0.24
50 015 8 0%

55 0.17
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Figured.4: Experiment, ColeBFB: experimentaldatadisplayedin a pressure gradient.\auperficial velocity
plot with the locations of minimum fluidization velocities

The figureshows threeasesCasel (blue), 2(red), and 3(green). The blue line represents the
first run, wherethe sand has not be#loidized. The red and green line is when the fluidized
bed is going in an incrementing way down to its initial velocity of 0.08 m/s from fluidized state
and up again to 0.26 mtespectivelyThe minimum fluidization velocity is 06lm/s and 0.19

m/s forthe nonfluidized void and fluidizedvoid, respectively. Tie experimentatesult does
deviate compared to Figure 2.4, where the minimum fluidization velocity is the same for both
the nonfluidized void and fluidizedvoid. The deviatiormay bebecause thhkterature is using

one uniformly sized particle as bed material whilthe experiment particle size distribution

is used Since the bed contains a wide range of particle sizegaditieles in the bednay
segregate when fluidized. The smaller péetcnaybe carried to the top of the bed while the
bigger particles stay stationaff/segregation occurs, then the transducers may only have large
particles between them, while the smaller particles segrefdbere are only big particles
between thetransducers, then higher minimum fluidization velocitycould occur. The
minimum fluidization velocity igroportional to the particle diametsguared[13]

Case Tfrom Figure4.4is used for further comparisamdisr ef er r ed t o Calds A EX p €
B F B otheffigures.
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4.2 BFBGasifier

TheBFB-gasifieris acylindrical columnmadeof stainless steel. It has three electrical heating
elements which are installed externally. They are capahieaing the reactor tdl000 °C.
The gasifier is insulated with refractory material on the inadd a 200 mm thick fiberglass
layer on the otside to minimize the heat loss&be BFB-gasifieris shown inFigure4.5. [26]

e

Figure4.5: Experiment BFB-gasifier. set upviewed from the right side
Fromtheleft side inFigure4.5 is thefurnace whichis used to burn the product gas, then the
BFB-gasifierin the center, and the biomdsgder at the far righEigure4.6 shows theBFB-

gasifierfrom another perspective
ge] ® s

U/ e ”,/M

Figure4.6: ExperimentBFB-gasifier. set up viewed from the left side

From Figure 4.6, the BFB-gasifierscan be seen in the cent8ihe rods pointing out are
connected tesensos that measurehe temperature and pressureddferent locationsalorg
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with the heightof the fluidized bedFigure 4.7 illustrates the position of the sensors, the
diameter of the bed, artlefeeding position.

4
O 5
P/T
PIT & Gas flare
O 4 - 1atm
Biomass suppl P/T
pply T l o 3
P/T
E ho —0 , E
3] £ %2
a l P/T IE by
p-A
1 v

Air heater

Figure4.7: ExperimentBFB-gasifier. layoutand dmensions[26]

The column is 0.in in diameter and th in height. The sensors are loca&sishown irFigure
4.7, where the distance betwesensorP; andP. are 0.095n. The pressure and temptna
data were recorded by a provided computer program.

Sand with a mean patrticle diameter of 367 um used in the experimentThe data fronthe
sieving analysis are presented in Appendix B.

Air supply

4.2.1 Bed ParameteyDescriptions

Themass flow rates of air uséal thegasificationexperimentarel.5kg/hrand 2.0kg/hr,

with an averagedemperature of33 °C and 735 °Gespectiveg). Since these temperatures
vary with 2 °C, it is chosen to only ugke highest temperatufer further calculationsThe
velocities converted from trgasflow rates with adequate parameters are showrabie4.4.
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Table4.4: ExperimentBFB-gasifier. parametergor the mass flow rate to linearelocity conversion

Parameter Case4 Caseb
& & Q . QQ
p Q q Q
LN 3 QQ QQ
T® U— T U—
a a
0 X&) e-3a X&) e-3a
o a a
TP U— &, TE—

When preparing the bed material, weight and volameameasured. The weight and volume
were measured to be 231 kg and 16 | with sand respectively.The height volume, bulk
density and particle volume fractioior the bed can bund inTable4.5

Table4.5: ExperimentBFB-gasifier. calculated bed parameters

Parameter Value Unit
Q T8 TT a
W ppe-3
: o1 v o0
a
— T® v

4.2.2 Experimental Results

A plot of the pressure gradiens.superficial gas velocitis presented ifrigure4.8. The

figure shows two data points that represent the two mass flow rates of air used in the
experimentCase /has an average pressure gradient of 1080m at a gas velocity of
0.15m/s, whié Case thas an average pressure gradient of 12469 Pa/m at a gas velocity of
0.20 m/s.
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Case 4 —@—Case 5
14000
12000
10000
8000
6000

4000

Pressure gradient (Pa/m)

2000

0.00 0.05 0.10 0.15 0.20 0.25
Superficial velocity (m/s)

Figure4.8: Experiment BFB-gasifier. experimental results plotted in a pressure gradigatm) vssuperficial
velocity (m/s).

To check if the bed was fluidizetiring the experimental testsquation(2.4) is used to
calculate the minimum fluidization velocity @85 °C The minimum fluidization velocityis
found to bed.051m/sfor this experimentwhichindicatesthat thebedis in thefluidized
regionfor both the gas velocities
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5 CPFD Model Development

5 CPFD Model Development

To simulate the fluidized bed and the formation of agglorastiat the fluidized beds a
computational particle fluid dynamic (CPFD) software was u3ée@ simulation software
Barracuda/irtual Reacto(VR) versionl7 4.1specializein particle movements and behavior
with chemistry The softwareusesthe numerical method Multiphase PartitheCell (MP-

PIC). MP-PIC is an approach to the Discrete Parcel Method (DPM). DPM idleothevhere

a group of particles are identified and tracked instead of individual particles. Each group is
assumed to have the same propertiesiautious represented by one computational particle.
[16][27][28]

The goalis to make a modehatwould predictthe experimental pressure gradient praditel
minimum fluidization velocityfrom theBFB-gasifier. Thenutilize that model to simulate the
flow behaviorwhen agglomerasarepresenin a bubbling fluidized bed

5.1 Computtional Fluid Dynamic

Computational fluid dynamic has been used for over 50 years and was invented at the Los
Alamos Laboratory in the 19608FD is used to simulate and solve realrld fluid behavior

and flow eventsandthis is all from processes where fluid behavior in pipe or tank is important

to air behavior over a vehicl€FD uses computational power to soitvancd mathematical
expressions and physical movements of fluwdserefluids are mainly liquids and gase€FD

was for a long time also used to model and predict the behavior and movements oEpatrticle
However since particles are solidsdid provide limited functions and not completely accurate
solutions.This limited function and not completely accran predictionis the reasornhat

CPFD software was developg&ePFD moded predict the behaviasf particlesin varioustypes

of equipment[29]
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5 CPFD Model Development
5.2 Barracuda

Onthe leftside of the interfaca her e I s a window named fAProje
the window that contains all the different featuresg, setup grid, global settings, base
materials, initial conditions, boundary conditions. The most relesmadithfluential of these
featuresareaddressed further in this chapt@8]

5.2.1 Global Settin@nd Base Material

The global settingsaddres theparameters thatffect the entire modethesecan be such as
gravity, temperatureandwhen thechemistryshouldbe activatal. As aglobal setting for all
the simulations conductedravity was set to b, 0,-9.8] a 7i as default value. This value
tells the softwardhat thereis no gravity in tle x and y direction, but anormal gravity
acceleration in the-direction.The temperature idefault atanisothermallow of 300 K The
chemistry settingareleft at the default setting28]

Thebase material isvherethe material used in the model is defined. The material is specified
as either gas, liqujar solid, and thee is also the possihiyi to specifythe physical properties
for thematerial e.g.,density incompressiblemole averageor mass averagg8]

The materials chosen initially asand and aifThe sand haa density of 265&g/m®, andthe
default properties are used far. Both the components were chosen to be compresgiBle.

5.2.2 ParticleDescription

The particle section of the project tree is where the ceseenter the global settiisgfor the
particleandinclude the species that thedparticle iscomposeaf. Theglobalparticlesettings
used aref28]

9 Close Pack Volume Fraction: 0.6
- Maximummomentum redirection from collision: 40%
- Normal to wall retention: 0.85
- Tangent to wall retention: 0.85
- Diffuse Bounce: 5

The close pack volume fraction (CPVF) is the setting that tells the software the maximum ratio
between the fluid and partideandit is typical around 0.56 to 0.64. The maximum momentum
redirection from collision is the percentage of the energy lost when colliding with the particle.
Both normal and tangentto wall retention is the momentum after collision with the will

both whee 1, then the collision would have been 1®0elastic. Diffuse bounce is a scatter
function that affectthe values chosen for normahd tangentto wall retention. If the function

is left at zergit canmake the simulation very static, but with diffusounce equal to, & is

more dynamic[28]

Under particle settingghere is the possibility to specify for each particle @&sghysical
properties As there isonly sand useth theinitial runs thereareno other species needed to
addresat this point The sand size distribution is made in a tag$eshown irFigure5.1, these
values are from th€old-BFB sieve analysidut converted to a cumulative percentdgs]
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Particle Size Distributions Editor

Cumulative (%) Radius (m)
10 0.000L3
2 791 0.0001L78
3 16.69 0.000213
4 24.34 0.00025
5 50.43 0.0003
& 100 0.00035

Figure5.1: ParameterCold-BFB model PSD sheet

The sphericity for the sand is chosen to be 8a88d on visual and tactile data. The emissivity
is set to behedefaultvalug which isl. [28]

Thespecifyingparticlespeciesectionalso haghe possibility tacreate agglomerates with the
particle The agglomeratiosetting makes the baghrticles imitating itself to becoméarger
particles than what it originally isIn short, he same amount of bed particles are there, but
some of them imitate to be bigger than the degure 5.2 shows theagglomeration function

in Barracuda[28]

[] Agglomeration

Radius Cut Point: |1.8e-05 m ey
Effective Particle Size Filename:

Edit -

Figure5.2: Barracuda: buitin agglomeration function.

The different dragmodels are tested later in th chapter.Thereis no chemical reaction
performed during the simulations, so volatiles are not specj2&dl.

5.2.3 Setup Grid

The setup grid section is wherde user can impqrview, and create a gribr the geometry.
[28]

The geometry is created usisgftwarethat handles CAD geometrigghis can be software
such asAutoCAD orSolidWorks. After the geometry is created, the geometry is savedtas a
file. Baracuda recognize.stl files as geometryand thusthe file can be imported into the
software Two geometriesvere createdhitially, the geometry for the ColBFB and theBFB-
gasifier. The BFB-gasifieris addressed ilChapter5.4, and he Cold-BFB geometry follows
the sameylindricaldimensionsas explained iChapter4.1, which is 0.084nm in diameter and
1.4min height The CAD geometry fotCold-BFB is shown inFigureb.3. [28]
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Figure5.3: Cold-BFB model CAD geometry

The grid is straightforwardto make in Barracuda, asntakes most of thedaptatiorfor the
user The software provides a tablatcan automaticallyuniformly distribute the celland test
the grid if ithas any regions thatenon-uniformly. There isalso a possibility to create sectipns
andthenchaoosedifferent grid resolution for eackectionin the geometryBarracudauses a
threedimensional cartesian coordinate sysfenthe grid [28]

The default grid resolutionvas set to be 1200tbtal cells this resulted in a uniformly
distributed grid of 9536 cellfor the ColdBFB CAD geometryAs shown inFigure5.4, thae
are not any nowmniformly regions in the gridThe grid resolutions do not vary any ofthe
geometies; thus, the grid check ot usedin furthersimulations
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Grid Check
Normalized by min(min Ax, min Ay, min Az)
lon_ T | T | 1 | T H
. —_— ﬁx -
§— |/ Az —
Grid Warning
g L |—— Grid Bad 4
b=
E
7T ]
w
q — —
=
3
R i
=}
z, = 4
7= —
O“ 1 | 1 | 1 | 1 =
0 50 100 150 200

i, j, k-coordinates

Figure5.4: Cold-BFB: The providedyrid checktool from Barracuda.

The uniform cell distributionrepresentedh a 2D geometry can be seen kigure5.5, and
Figure5.6 shows a @D representation of the grid.

7 T
/
\
i T~ —

Figure5.5: Cold-BFB: grid layout presented inDR.
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Figure5.6: Cold-BFB: grid layout presented in3.

FromFigure5.5, the number of cells along the diameteris 8 cBlillsinip hy si dsal 0 si
then8.4cm/8 = 1.05 cm. The cellsavea dimension of roughly 1cm in each direction as the

cells are cubed he physical size of the grid esucial as the grid cells cannot be smaller than

the size of the particles.

5.2.4 Initial Conditions

The initial condiions (IC) arewhere the user choas¢he locationvelocity, and pressutbat
the fluidand particls haves. ThelC for the fluid isair at 1atm with no velocity The air is also
occupyingthe whole column.

IC for the particleis occupation from bottom t6.196 m in the zdirection and the particle
volume fraction i€.57. Thesevalues are based on the calculations and measurements done in
chapter4.1.1and found inTable4.2. The temperature is 30Q.
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5.2.5 Boundary Conditions

The boundary conditions (BC) are used to specify the location of the inlet and outlet. The
boundaries conditions employed in the current war& the pressureand flowr BC, as
illustrated in figureFigure 5.7. The pressure and flowr BC is in color yellow and red
respectively[28]

Figureb5.7: Cold-BFB: layout for the boundary conditions

Thepressure BC is set to lzcated at the top dhegeometry. The pressure BEspecified to
operate in the-glirection to be open to the atmosphgeaad no particles should exit the control
volume Thefluid occupying at theressure BGs spedfied to be air

The flow BC is the red section on the bottom of ¢bumn The flow BC is specified as air
inlet flow. The flowprofile through theflow BC istransient ang¢hangs with a specifiedime.
Table 5.1 shows theinitial flow chart based on the velocity profile fronhe Cold-BFB
experimenin Table4.3.
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Table5.1: ParameterCold-BFB model Boundary conditionthe initial flow chart
“Y'Qd  Velocity "Y' Qa ¢ Velocity
[s] — [s] —

0 0.08 35 0.18
5 0.09 40 0.20
10 0.11 45 0.21
15 0.12 50 0.23
20 0.14 55 0.24
25 0.15 60 0.26
30 0.17

Thetime isthe simulation time in secondsvery velocity runs fofive secondfachbefore it
increases the velocity

5.2.6 Numerics

The numeris section is where the user can tune the solver setfifgsuser can also adjust
the turbulence model and parametersAll of the settings in the numerics sectamechosen
to be at defaul{28]

The turbulencand advection optiorerewhere the model and schemes are chosen. The default
settingsuselLarge Eddy Simulation (LES)sa turbulence model angartial donor cell as
numerical advectioscheme[28]

5.2.7 TimeQontrols

In time controlsthe user can set the duration and timestep of the simulaticadéfsult, the
timestep was set to be 0secondsand the dration wagor 65 second$5 seconds provides
5 seconds for the last velocity Tmble5.1 to have the same duration as the other velocities.

5.2.8 DataOutpointsand Postrun

The data outpoints section is where the user can specify the form that the data output should
have The user caalsochoose to haveariousdataoutpointsthat read transient datsuch as
temperaturgpressureand particle temperatur€hesedataoutpoints works like sensors and

makes it possible to plot the resulédter the simulationThe sensor type usésipressureand

the locations for the presswsensorsare as shown ifiable5.2. The postrun is where images

and videos can be created from theputteddata.
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Table5.2: ParameterCold-BFB model pressuresensoicoordindes.

Sensor number Coordinates [x,Y,Z]
Pressuré&ensorl [0.0423, 0.0423, 0.035]
Pressuré&ensorR [0.0423, 0.0423, 0.135]

The pressure sensdp, and B are at thesamez-heightas the transducems the experimental
Cold-BFB model Thelocationof the pressure sensorsstsown inFigure5.8. Thesensors are
theblue dots in the center of the geometry.

Figure5.8: Cold-BFB: pressursensoifocation inthegeometry
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5.3 ColdBFB Model

The initial parameter values used are describ&thapters.2

5.3.1 Testing ofVariousDragModels

Fivedragmodel$ r o m B a r rveere testel & see vhich ane wolildhe experimental
results fromChapterd.1.3best The selectedrag modelsvere chosen based on familiarity and
thedescriptionthatBarracuda provided on therfihe result from thélifferent drag models
compared to each othand the& with the experimental data froRigure4.4. Thefive chosen
drag modelswere WenYu, Ergun, WenYuErgun, TurtorLeverspiel, and Nonspherical
HaiderLeverspiel.

Due to simplicity and insufficient timedl parameters used in thdrag models areat their
default valuggiven by Barracuda

The calculated forgeReynolds number, and drag functiosed withthe drag models are as
shown n equation(5.1), (5.2), and(5.3). All the calculations are done using@lits.[28]
3 a 0 ¢ ¢ (5.1

3 Is the force actingn a particle, & is the mass of the particle®) is the drag function,
0 hand¢ is thevelocity for the fluid and particleespectively[28]

¢ e 90
Y'Q (5.2

" is the fluid density and is the particle radiug28]

o, " ¢ 90
-0 ——— 5.3
LIJ 0 ” ‘l ( )

Thed in equation(5.3), is the drag coefficient calculated by tiragmodels.[28]

0O

WenYu drag model is based on a dependency for fluids volume fraction to account for particle
packing and on singlparticle drag models'he drag coefficient for Welu is a function of
the Reynolds number with conditionas shown irequation(5.4). [28]

WS T YQ 1@
Y0
6 ST & oYQ m YQopmnnm (5.4)
Y Q
e — YQ pmmm

®,®,®,¢& ,andé arethe modebarametershatcan be adjusted:he default valuetor the
model paranetersareas shown infable5.3. — from the equation(5.4) is the fluid volume

fraction.[28]
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