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ABSTRACT

ABSTRACT

Heat exchangers are the workhorse of most chemical, petrochemical, food processing
and powe generating processes. @fe many types of heat exchangers, approximately
60% of the market is still dominated by shell and tube heat exclaandg@ne major
problem ofheatexchangers and particulatlye shell and tubéypeis directly related to the
deposition of unwanted materials dme heat transfer surfaces. Fouling may cause one or
more of several major operating problemstegluctionof heat transfer, ii) undeteposit
corrosion, iii) increased pressure loss andlow malkdistribution.

Thereare many different mitigation techniques available in the markaaiatainthe
surface of heat exchangers clean to some exfenong them are projectiles of various
shapes, materigland hardness which circulate via a separate loop through the
exchangr. The advantages of this methodlude effective fouling mitigation and stable
operating conditionsHaving said that, htere areneverthelessnumerousunanswered
guestions such as optimum injectiorierval, minimum required shear force to remove
fouling layes, applicability of projectiles at elevated temperasumainimum required
velocity of projectile propulsionand the criterion for the selection of projectiles for any
specific fouling processThe presenstudy, as part ofa European Projeagntited Clean
Ex, endeavors to address some of these questions.

A test rig was designed and constructed to simulate conditions whighr fouling
occurs in water service processes. The rig includesrdime cleaning device which
enables introduction of pregtiles for various operating scenarios including i) continuous
or ii) atdifferent time intervalsA comprehensive set of experimental runs was carried out
for crystallization fouling of CaS@ solutions with and without projectiles. Due to
laboratory restctions, fouling runs were performed at accelerated conditions to rigorously
characterize the impact of projectile cleaning in terms of injedtitervalsand various
types of projectiles.

The experimental results showttht the projectiles are capableof removing parts of
the fouling layer at the early stage of the fouling process. The cleaning efficiency decreases
as the fouling layer builds up such that the projectile is not effective when the asymptotic
fouling is approachedn addition,shorterinjectionintervak of the projectiles decrease the
asymptoticfouling resistance. Sintering of the fouling layehich hinders the cleaning
action of projectileshouldbe accounédfor this phenomenari-urthermore, alprojectiles
decrease theinduction tme of the fouling processThe asymptotic foulingesistancavas
alsoapproached much quicker comparedh® casef no injection.

The performance of any projectile lies inteadeoff betweenits size textureand
stiffness. Stiffnesgproduces a shear érce required to dislodge the deposihd size is
requiredto maintainthe contact aredetween projectile anthe surface Accordingly, a
criterion was developed tdeterminethe optimum projectile size and stiffneésr best
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cleaning performancd&.he citerion showshat bgger and softer projectiles canrast for
along time ingction processes$siven the importance of size and stiffnets® projectiles
were subsequentlyivided into two groupsof hard and softlue to therequiredstiffness
and velogy to move the projectilewithin the tube To discriminate betweethese two
groups a new term calleccontactstability factoror Z factoris proposedwhich is a
function of stiffnessand size

A mechanisticmodel has also been developed predict theasymptotic fouling
resistancewhen projectiles are in operation based oninjection rate fouling rate and
removal rate. The model predictdhe asymptotic fouling resistanogith an accuracyof
69% basedon CaSQ concentration, satufi@ah concentration, rijection interval shear
forceandcontactstability ofthetubewith the projectile.
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Warmedubertrager sind das Arbeitspferd der meisten chemischen, petrochemischen,
Lebensmittel und Energieerzeugungsprozes&es gibt viele verschiedene Typevon
Warmeubertragern, allerdings werden etwa 60% des Marktes durch den
Rohrbundelwarmetbertrager dominiert. Ein Hauptproblem von Warmeubertragern und
insbesondere dem Rohrbungel wird direkt auf die Ablagerung von unerwiinschten
Materialien auf den Waraubertragungsflachen zurickgefihrt. Fouling kann ein oder
mehrere grofRe Betriebsprobleme verursacheReguzierungder Wéarmeubertragung, ii)
Korrosion unter der Ablagerung, iii) erhohter Druckverlust undv)
Stromungsfehlverteilung.

Es gibt viele verscleidene Minderungstechniken auf dem Markt, um die Oberflache
der Warmedibertragerzu einem gewissen Grad sauber zu halten. Unter ihnen sind
Projektile verschiedener Formen, Materialien und Harte, die seit Jahrzehnten verwendet
werden, um Ablagerung im Rohnbdelwarmelbertragerzu reduzieren, indem sie in
einem separaten Kreislauf zirkulieren und bei Gebrauch zugeschaltet werden. Die Vorteile
dieser Methode sind die wirksame Minderung des Foulings und stabile
Betriebsbedingungen. Es gibt jedoch zahlreicheeantwortete Fragen, wie optimale
Injektionsintervalle, die mindestens erfordehnke Scherkraft, um die Foulinggcht zu
beseitigen, die Anwendbarkeit der Projektile bei erhdhten Temperaturen, die erforderliche
Mindestgeschwindigkeit des Projektilsnd da Kriterium fur die Auswahl der Projektile
fur eine bestimmte FoulingprozesBie vorliegende Studie ist bestrebt, einige dieser
Fragen im Rahmen eines europaischen Projekts, das den Titel-EXet#gt, zu
beantworten.

Dazu wurde eine Versuchsanlage aokelt und aufgebaut, um Bedingungen, unter
denen Fouling in Brauchwasserprozessen auftritt, zu simulieren. Die Anlage umfasst eine
Online-Reinigungsvorrichtung fur die Einbringung von Projektilen fir verschiedene
Betriebsszenarierd.h. i) kontinuierlich oder ii) in unterschiedlichen Zeitintervallen. Eine
umfassende Reihe von Versuchen wurde fir das Kristallisationsfouling von 4CaSO
Losungen mit und ohne Projektile durchgefuhrt. Aufgrund der Beschrankungen auf
Laborbedingungen wurde die Ablagerungsbildubgi beschleunigten Bedingungen
durchgefiihrt, um die Wirkung der Reinigung durch Projektile hinsichtlich der
Injektionsfrequenzen und der verschiedenen Arten von Projektilen deutlich zu
charakterisieren.

Die experimentellen Ergebnisse zeigten, dass dieelRiig Teile der Foulingschicht
im frGhen Stadium des Foulingzesses entfernen konnen. Die Reinigungseffizienz
nimmt ab, wenn sich die Foulingschicht aufbaut, so dass das Projektil wirkungslos ist,
wenn sich das Fouling dem asymptotischen Endwert arnghédierdem verringert eine
hohelnjektionsgeschwindigkeit der Projektile den asymptotischen Foulingwiderstand. Die

iv
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Sinterung der Foulingschicht, die die Reinigungswirkung von Projektilen behindert, ist fur
dieses Phanomen verantwortlich. Alle Projektiégringern die Induktionszeitiejenigen,

die ausreichend Kontakt haben, um eine gréf3ere Scherkraft auf die Oberflache auszulben,
verringern den asymptotischen Foulingwiderstand. Das asymptotische Fouling wird
dadurch viel schneller erreichls ohne Injeon.

Die Leistung eines jeden Projektils liegt in einem Kompromiss zwischen GrolR3e,
Textur und Steifigkeit. Steifigkeit produziert die erforderliche Scherkraft, um die
Ablagerungen zu entfernen, und die Gréf3e bestimmt den Kontakt zwischen Projektil und
derOberflache. Dementsprechend wurde ein Kriterium entwickelt, um die optimale Grol3e
und Steifigkeit des Projektils fir die beste Reinigungsleistung zu erhalten. Das Kriterium
zeigt auch, dass groRRere und weichere Projektile langere Injektionszeiten sithiteau
konnen. Angesichts der Wichkeit von Grof3e und Steifigkeivurden die Projektile
anschlieBend in zwei Gruppen von harten und weichen Projektilen eingeteilt. Dies geschah
aufgrund der Steifigkeit und der erforderlichen Geschwindigkeit, um daskiran Rohr
zu bewegen. Um zwischen diesen beiden Gruppen zu unterscheiden, wurde ein neuer
Begriff, Kontaktstabilitatsfaktor oder -Eaktor, vorgeschlagen, der eine Funktion der
Steifigkeitund GroRast.

Weiterhin wurde ein mechanistisches Modell emtalt, um den asymptotische
Foulingwiderstand im Falle injierter Projektile, basierend alrfiektions-, Fouling und
Minderungsraten, vorherzusagen. Das Modell sagt den asymptotischen Foulingwiderstand
mit einer Genauigkeit von 69% voraus, abhangig den CaSQ@ Konzentration, der
Sattigungskonzentration, dem Injektionsintervaid derKontaktstabilitat des Rohres mit
Projektil.
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Chapterl i Introduction

1 INTRODUCTION

1.1 Tubular Heat Exchangers in Indudry

Heat exchangers adevices for proper heat exchange between two m@mechich are
separated by well-conductive wall i.e. metd, to preventmixing. Ther utilization is
widespread which includespace heatingrefrigeration air conditioning power plants
chemical plants petrochemical complexgesrefineries, natural gas processingand
automobile. Heat exchangersan be divided into structuralljifferenttypes such aplate
and framefinned tubedouble pipe, spiral tubas well asshell and tubeOf many types
of heat exchangers, approximately 60% of the magkstill dominaed by the shell and
tube heatexchanger. It is largely faved due to its long performance history, relative
simplicity, and its wide temperature and pressure design ranges (Chemical Engineering
Resourcesyww.chaesources.cojn

Shell and tube heat exchangesually containa numberof tubesthrough which a
fluid flows which must be either heated or cooled. The second fluid runs over the tubes
within a larger container which is called shdlhe set of tubes alled bundle and can be
made up of several types and sizes of tubes: plangitladinally finned, spiral, and so
forth. Shell and tube heat exchangers are typically used for grigbsuréemperature
applications The American Society of Mechanical Engias (ASME) has developed
technical guides ohow to optimallydesign and construgariouscomponents of shell and
tube heat exchangersurthermore, liere are many recommendsgbes of shell and he
heat exchangerbdy the Tubular Exchanger ManufacturefAssociation (TEMA) for
different operating conditionproperties of flow andoss for differentapplications

1.2 Fouling of Heat Exchangers

The accumulation of unwanted deposits on the surface of heat exchengsuslly
referred as foulingthough forcrystallizationtype of foulingit is often called scalingdt is
a highly undesirableoccurrenceandcan consisbf many different materials that stick onto
the surfaceln heat exchangers, fouling redudde thermal efficiency since there is an
additioral resistance to heat transf@he hydraulic performanceof heat exchangers may
also be affected as the lodalid velocity will rise because of a reduced diameter of the
tubecaused by thdeposit layerThis results in a higher pressure drop so thaptimjng
power has to be increased. tlee worst casgfouling can eventotally clog the tubes.
Fouling mayalso cause one or more of several major operating probkrols asunder
deposit corrosiorand flow maldistribution.

For all differenttypes of heat exchangers, correlations exiset the design and
operaton of a newcleanheat exchanger. However, there remains one large element of
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uncertaintydue to thedeposits thaimpede the optimal design and operation of such
devices One approach to comb#tis problemis to overdesignthe exchangerAt the

design stage a commonly used remedy is to increase the heat transfer surface area. Garret
Price et al. (1985) reported that in practice heat exchangers are designed with an average
oversize of about 35%While this strategy is widely accepted,cbmes with enormous
additional capital cost penaltiedeat exchangenshich aredesigned with excess surface

area are larger and heavier. This evidently results in extra costs to cover additional
material transprtation and installationDuring the operationof a heat exchanger,
operatorsshould commitperiodic cleaning as a way of managing fouling. Periodic
cleaning results in additional costs arising from loss of production and additional
maintenance activitie©verdesigrof the exchangealso applies tpumpswhich are @ain
oversized to compensateeincreased pressure drop.

It is estimated that fouling costs are about 0.25%aa@fountryds Gr oss
Product Muller-Steinhagn et al.2005. Steinhageret al. (1993 have alsoshown that
fouling related costs constitute a significant portion of the indusipesatingcosts.Due
to the increased energy prices over the last few years, as a solution, higher efficiency of
heatexchangers is needed to minimithe use of energy and therefore the operating costs.

Fouling that istenaciousand difficult to removeisgener al ly referred
otherwisea softer deposi't i s (Bodt,0ol898)t In bothscasestee! | ed N
result is a loss of efficicy. Unless suitable preventative measures are taken the problem
can give ise to seriousperatingconsequence®ver heating oscala@l tubesor coilscan
also result inhigh metal temperaturevhich can decrease thadlowable shear stress of
metalsdramdically. The reportedallowable designemperaturdor pressurizegarts of
exchanges must not exceed600°C (ASME, Sec. Il) Thus fouling of the flow-side of
furnacesandfire-tube boilers which are in direct contaatfire may result in metal failure
due to a very high operating temperature between -2000°C of fire chambers
Consequently tubeupture may occur when the deposit causes a rapid rise in tube wall
temperaturgBetz, 1976).It is no surprise thathe prices of materias that canwithstand
high temperature are expensivelf fouling in such devicesis under control, then
considerinca s af e dasignt &€ mw e rrediicaghesconstruction cost.

Fouling occursaccording tadifferent mechanissdue to the type ovorking fluids
operatig conditions and impurities. Common mechanismdude crystallization, bie
fouling, particulate, chemical reaction and corrosion. sEheechanismshave been
investigaedto find approacheso mitigatedeposit formation.

1.3 Challenges in Mitigating Deposit Formation in Tubular Heat Exchangers

The Global Strategic BusinesseBortrepors that he global heat exchanger market is
estimated to top a total of $12.7 billion in 2012 with an increase-53per annum
(Muller-Steinhageret al.2011) Despite this very positive market trend, manufacturers are
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under increasing pressure to produce heat exchangers which are more efficient in terms of
heat recovery and use of material, while at the same time being faced with fluids which are

increagngly difficult to process. One major problem directly related to these requirements

is the deposition of unwanted materials on the heat transfer surfaces, which occurs in the
majority of heat exchangers.

Thermal performance of exchangers is profouradfgctedby the fouling resistance
especially for water servicefrigure 1-1 exemplifies how the fouling resistancemay
impact on the design of a typicakhell and tubeheat exchanger in water servicas
calculatedby softwareAspen BJAC (seeAppendix A) W/W, denoteghe weightratio of
the designed exchangeronsideringfouling and clean operatiofor the tube side The
figure indicates, for instanagith a fouling resistancef 0.0007 MAK/W, thatthe weight of
the constructed heat exchanger would be increased by morel@®a. The weight of
exchangers direlgt relates o the capitalcosts,as quite often thenanufacturersell tubular
exchangersy weight. Fouling resistansdor different fluids hae beengiven in many
heat exchanger handbook&alues for water services based on the type of water whether
from seariver or demineralizedange from0.00009 to 0.0007 fK/W. Thesevalues for
different type of waterare listed inTable 1-1 (Thome, 201Q)Figure 1-1 and Table 1-1
illustrate extra weight and costsy assumingdifferent waterfor the construction of heat
exchangers

2.2
2.0

1.8 /
1.6 /

1.4 * .

i F) o /

1.0

W,/ W,

0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007

Fouling resistance m2K/W

Figurel-1 Extra weightfrom using different fouling resistancein the designof a typical heat exchanger
(Calculated by Aspen-BACSoftware, seeAppendix A
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Table1-1 Fouling resistance for dferent water services in exchanger desigtandards
(Thome, 2010)

Conditions cooling water < 5@C cooling water > 5@C

cooled fluid < 12@C cooled fluid > 12@C

Cooling WateMelocity v<1lm/s ‘ v>1lm/ls | v<1m/s ‘ v>1m/s

Type of Water m*K/W

Sea 0.00009 0.00009 0.00018 0.00018
Brackish 0.00035 0.00018 0.00053 0.00035
Coolng tower with inhibitor 0.00018 0.00018 0.00035 0.00035
Cooling tower without inhibitor 0.00053 0.00053 0.00088 0.0007
City grid 0.00018 0.00018 0.00035 0.00035
River minimum 0.00018 0.00018 0.00035 0.00035
River average 0.00053 0.00035 0.0007 0.00035
Engine jacket 0.00018 0.00018 0.00018 0.00018
Demineralized or distilled 0.00009 0.00009 0.00009 0.00009
Treatedboiler feedwater 0.00018 0.00009 0.00018 0.00018
Boiler blowdown 0.00035 0.00035 0.00035 0.00035

There are many different mitigation teeques available in the market to keep the
surfaces of heat exchangers clean to some extent. Nevertheless, the successful application
of any such technique requires-depth understanding othe respective fouling
mechanisms otherwisthey may even leadot a counterproductive result of increased
deposition.Apart from mechanisms, intensity of fouj, the type of heat exchanger
required clealmess, cleaning costs amgberatingtime intervalscould be criteria for the
selection of the mitigation technigs(Muller-Steinhagen et a2011)

Among different mechanical mitigation techniques, projectiles of different shapes e.g.
sponge balls and wire brushes can be propelled through the heat exchanger tubes to
mitigate deposition. Projectile cleaning is idealit can be applied ahortintervals and
can mitigate fouling on a continuous basis. Thus the degradation of heat exchanger
efficiency can be controlled. The frequency and duratiaheépplication depends on the
severity of fouling and the strengtlfiiateraction between cleaning projectile and deposit.
Nonetheless experimental data about the performance of various projectiles is scarce and
non-conclusive(Al-Bakeri et al. 1993 and Hamed et al. 2007

Projectiles have been used to mitigate depoditibular exchangers for decades. They
circulatevia a separate loop through the tubular heat exchanger. The advantages of this
method are that it is very effective fouling mitigation andprovidesstable operating
conditions (Taprogge)lt can also be ugd in foodprocessesas it does not affect the
consumable (Techno$. The drawbacks of this method are that the projectiles can only
clean the inner side and not the outer side of the tubedham@ special device for
circulatingthe projectiles has todinstalled. They mustlsobe replaced regularly as they
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wear out aftea certainrun time. As a result, ie use othe projectile cleaning method is
limited due tathefollowing:

1 structural integrity and chemical stability of projectileat elevated
temperature

1 insufficient force fopropellingthe projectiles irprocesses witlow velocity

1 random distribution of fouling pattern depending on gleemetricallocation
of tubes

There are many unanswered questions such as optimum injection interval, size,
stiffness, as well as minimum required shear force to remove foulings,|asalicability
of projectiles at elevated temperatures and minimum regpir@oulsionvelocity of the
projectiles that need addressing.

1.4 Research Objective

The present studyas part of a European projeantitted i C| €& 10 , ai ms
investigating the performance of various projectiteharsh fouling environmentsThe
main objedtves of this workare

1 Design and construction oftast facilityto investigatedeposit formatiorwith
and without using projectiles

1 Online monitoringof theimpactof injection on cleaning

1 Investigationof optimum injectionintervak for different projectiles

1 Investigationof the nfluence of projectiles on theinduction time during
crystallization fouling

9 Study of the nfluence ofdeposit hardening when projectiles are injdcie
different injection interva

1 Developmentof a criterion to select optimum projectse for specified
operating conditios

1 Characteriation of projectile performancen terms of operating conditions
projectile physicalpropertiesand structural specifications, i.e. shape, hardness
and surface texturdhis will include measuremenf exerted sheafiorces by
projectiles under propulsion of flow

1 A theoretical study to pdict asymptotic fouling resistance in case of
projectileinjection

1.5 Scope of Present Study

The presenthesiscomprises okix chaptersChapter 2 providea literature reviewon
the presentstateof-the-art of fouling mitigation techniquesspeciallycleaning projectiles
and tleir technical limitations Chapter 3 d&cribesthe experimentaketup and procedure
for the attempted experimentE&xperimental results and parameters taty influence
fouling are presented and discussed in ChaptdPedformanceof various projectiles,
compaction phenomenon, influence of sintering, shear stress analjgsiton effects on

5
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induction timeand thecleaning effect of metal projectilesre also discussed in this
chapter. In additiona criterionto compare the refts andalso onefor the selectiorof
efficient projectiles are introducedin this chapter Chapter 5 presents modelfor the
predicton of asymptotidouling resistancewith and without projectile Conclusions and
recommendations for future work apgovided in Chapter 6 Figure 1-2 presents a
flowchart highlighting various aspects of the experimental and theoretical studies carried

out in this work.

Literature Survey

h 4

Theoretical part

A4

.y

Experimental Part

N
{ F

I

A

Stiffness Tests

Shear Measurement |

Model for Projectiles

Modification of Kern-Seaton

Y

v

| Dynamic Tests || Hydrodynamic Tests

y v

Construction of Test Rig

v

Fouling Runs

| Instability (Z factor) |

\ s

| Development of Z Factor vs. Stiffness |

;

Development of a New Model for
the Deposition and Removal Rates
under Propulsion of Projectiles

v v

Tests Runs with
Projectiles

Tests Runs without
Projectiles

v v

Characterization of

Efficient Projectiles

|—+ v

Model Verification

Figurel-2 Flow chart ofthe scope of work in this study
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2 LITERATURE REVIEW

2.1 Fouling Mitigation Techniques

If fouling cannot be prevented from forming, it tisen necessaryto remove it in
periodic intervaloor on acontinuous basig-igure 2-1 depictsthe development of the heat
transfer coefficient with and without cleaning. After the cleaning processesyénall
heat transfer coefficietd in an ideal casreaches again the clean state.

f cleaning

\Uo

U — :
periodic cleaning

K
m without cleaning
|

fouling time —

Figure2-1 Change of heat transfecoefficientwith and w/o cleaning(Bott, 1995)

Thereare several methods toitigate or removdouling in heat exchangers that can
be dividedinto off-line andon-line methods Each typein turn, alsadivides intodifferent
subgroups They could be physical, mechanical, chemical or chan§ operaing
conditions.For off-line method, the heat exchanger not only has to be stodpauth
operating butmayalsoneeddismanting. There are alsothermethodghat includedesign
modification to reduce deposit formatidfor instance, @mpact and firstube exchangers
are prone to less foulindue to increaed level of turbulencelower surface temperature
and homogeneous distributiohflow (Muller-Steinhagen etl. 2000).

2.2 Off-line Mititgation Techniques

Heat exchangersnay be cleaned by different ofine methods as categorized in
Figure2-2.

Off-line cleaning

Fluid cleaning Chemical
—
| | | | | | | | | | | |
[ Fluid blasting J [ Ice pigging ] [ Steam soaking ] [ Shot blasting ] [ Projectiles J [ Drilling ]

Figure2-2 Various offline cleaningmethods(Muller-Stenhagenet al. 2011)
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Disassembling and hand waishthe simplest method to clean a heaichangerThis
can nvolve wiping, brushing or sgping the deposits awas it is labor intensivethe
cost of manual cleaning may beghi Cleaning with higipressurewater is the most
effective oftline cleaning method. It can operate with a presspréouB000 bar. Steam
and hydrdlasting are probablyhe most common mechanical cleaning meghddhey
exist with a wide range of cleaning nozzles to smianytypes of heat exchangers and
deposits. If the deposits are very hard, sand can be addbe tituid to increase the
efficiency.

Ice pigging isthe pumparound of an icavater slurry withdifferent solid fractions
which is a combinatiorof high velocity watejjetting and pigging (forcing a solid through
the ppe) to push the deposit away.t ik reported as a successful technique to remove
moderatelyadhering deposits, sinceetlsheaforces are increased by a factdd-5 due b
the presence of the iq@Ainslie et al. 2009). Such a system can be applied for complex
geometries and is reported to have a reduced cleaning downtime (Bii@diehagen edl.
2011).

Ultrasoundis the only available alternative for the shell side of tube bsrmleit is
also used for the inner side of the tubes.

Techniques for the mechanical cleaning of tubes have a long history, the earliest
mechanical cleaners being dgwed for cleaning boiler tubes (Mulk&einhagen, 2000).
Cecil M. Griffin and Vivian Griffin invented the first cleaner for condessard shell and
tube heat exchangers. The patent was granted in 1931 and then it was improved several
times in 1939, 194and 1956. Brushes also are suitable to remove light organic deposits.
They are suitable for spiral or finned tubes. The leragiti stiffnessof brushes can be
fitted for more effectie removal and less damagedubes.

The mechanical tube cleanease mack from metals rubber or plasticsOne of the
concerns in the use of these mechanical cleaners is likely wear on the inside of heat
exchangettubes(Bott, 1995).Hovland et al. (1988) have demonstrated that the erosion
effect of using these cleaner is rigile.

Due to aging phenomena depositsnetimesbecome harder. In such cases istid
sometimes necessarny apply acid cleaning, followed by cleaning with mechanical
cleaners or high pressure water to remove any remaining debris {8tdiahagen, @00).

To remove hard deposits drills or scraper@y also baised.Drills and scrapersnay
be accomplished by water presswigich helps to lubricate and flush away the deposit as
it is removed. Drilling and scraping is generally only applicable for therisurface of the
tubes (se&igure2-3).
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Cutting Tube

edge wall Deposit
Drill
rotation Back /

flush ASSSSSY/ A
\ ] B T L

Hollow Deposit

Figure2-3 Drill and scrper cleaningsystem (Bott, 1995)

Chemical cleanings another option. It is quicland does notcausemechanical
damae to the surface,reaches inaccessible arem®d does not need disassembling so it
needslesslabor, but problens may arise due to the dangeriofproperhandlingof the
chemical agent@Miiller-Steinhageretal. 2011).

The bggest disadvantagef all off-line techniques is that the exchanger has to be
stopped fronoperatingand/orto be dismantled for cleaningDuring this time the process
is eitherstopped or a spare exchangeusgdto enable &ontinuous processlot onlytend
these methods to be tirmensuming and expensive, the exchangen possibly be
damaged by untrained personnel.

2.3 On-line Mitigation Techniques

Periodical cleaning is necessary, even if the heat exchangepierlydesigned. This
gives impetus taevdop on-line cleaningmethods. Somef theseare shown irFigure2-4.
Additives are effective if they do ndéad toprocesscontaminationsor environmental
hazards They are usually antroxidants, metal dactivators, pH controller or scale
inhibitors suchas polyphosphater aminophosphonic acid polyacrlyatéhe advantags
and disadvantageof using chemicalsvere alreadylisted for off-line methods. They ay
appl to on-line methodsas well The most widespread mitigation strategy duramgine
operation of heat exchangers is the use of chemical agents or irfjibitbich is
particularly useful for heat exchangers with complex geometries where no other cleaning
methods are possibl@gMuller-Steinhagen eal. 2011) Short time overheatin¢ghermal
shock) andlow pulsation deviags the process fronsteadystateopetion, but they may
have unfavorable impact aime exchangerand the quality of the products. Short time
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overheating relies othe differenceof thermal expansion between surface and depaosit
whole deposit laysmay spall off the surface instantanegu@Evangelidou, 2010).

|| . | _— | | |
Change of Feed PETURL Y ) )
operating 5 O8C Chemical Mechanical Physical
s filtration inhibitors
conditions
\ N I .

|

|
- N e
- X Shear Wire Surface ectric
‘Fz.le Thermal siress Projectiles Inserts /ire Scrappers Sur 1i1u. Ultrasound | | Electr ic,
dilution shock R brushes coating magnetic
increase < <
N I N X

Reverse flow or Gas
pulsation rumbling

Figure2-4 Ortline cleaning methods (MilleiSteinhagen et al. 2011)

Surface coating can decrease the surface free energy and thus reduce the adhesion
force between deposit and surface. A disadvantage is that the coating catrdyeddxsy
particles in the fluid. &aped surface heat exchangdrave moving parts to remove
continuously deposit from heat transfer surfg@olano et al. 2009).

Filters are recommended for particulate foulif@ansal et al. 1997)it is a simple
methal to reduce deposits by installing a filter system betbeefluid entersthe heat
exchangerSonic technologys another method:he ginciple of this method it0 generate
vibrations by sound This disturls and dislodge depositsfrom the surface Cavitation
produced bythe propagation of sonic waves acontinuousmannernear the deposit can
also help tk removal.This method neverthelesds not widespreadndmainly limited to
small exchangersThe drawbacks are structural damadesthe heat exchayer by
vibrations Theremayalsobe some problems caused by the noise pollution.

2.3.1 Cleaning projectiles

The brush and cage system, as showkrigare2-5, is similar to the concept of sponge
balls that will be addressed in this study. Brushes can dislodge the deposit from the
surface. The brush system has capture cages at both ends of each tube and it needs a
reversal flow to be returned. One advaetagainst rubber balls is that it requires less
maintenance. The biggest drawback is when the process is stopped foevieosal This
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interruption of steady conditions in the operation may be difficult to accommodate and
may have implications on produgality.

Figure2-5 Brush and cage system (KALVO VOGLER GmbH)

Another option foiprojectile injectionnvolves slightly oversized ballsr other shap
objects madérom sponge, rubber or metalhich pasghrough the heat exchangdubes.
As the projectiles move they remove the deposiepending orthe exerted sheaforce
They circulatevia a separate loop through the heat exchanger. Due to the fluid pressure,
the projectilesare pushed through and will be-irgected after collection. Ding their
contact with the tubes, they will actively rub the tubes inner surface, thus keeping it clean.

The technique waérst introduced inl957 (Aschoff et al. 1987). In the mi®70s the
Taprogge patent expired opening the way for other supplieeter the market. The
dominant supplier however remains Taprogge, due to wide experience in the application of
the technology (Bott, 1995 his innovativetechniquecame into forcdrom the need to
clean heat exchangers without disrupting operatidre pevious mechanical cleaning
systems did not permit the cleaning of equipment without interrupting the process. The
projectilesare used foprocessesvith a high demandfor maintaining asignificantdegree
of cleanliness.The main characterisgcof the projectiles are theirsize texture and
stiffness

The advantages of this method are thatprojectiles areery effectivein mitigating
fouling with reasonablystable operating condition3his, in turn,reduces the primary
energy cost ang alsoenvironmentaly-friendly by saing energy which otherwise would
have been needed to «fét the impact of foulingThus a longedifetime of thermal
equipments expectedOther advantagaaclude lowercorrosionof heat transfer surfaces
and avoidance of unscleled shutdowns This technique is extremely successful
(Aschoff, 1987 and Bott, 1990) for cooling water applications.

Online tube cleaning by circulating sponge balls along with the use of antiscalant is
proved to be the most effective and economicaamseo avoid fouling of internal surfaces
of tubes inMulti Stage Fashdistillation andleads to reduackcostof additives asower
dose ratscould be sufficient (Ghulam M. et al. 20085Jludgecanalsobe easily removed
by employing oHdine cleaning othe tubes. If not removed early after formation, these soft
deposits could convert into solid scéghulam M. et al. 2001With optimum sponge ball
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cleaning in additive dosed MSF plant, the tube fouling can be maintained as low as 0.04
m’K/kW resulting h over 40%mean energy savin@ohmer,1993).

The drawbacks of this method are that the projectiles can only clean the inner side and
not the outer side of the tubes and a special device for circulatojectileshas to be
installed. Depending omaterid, e.g.rubber the utilization of projectiless limited to a
maximum temperature of 120°@Auller-Steinhagen et ak011) They also have to be
replaced regularlyisce theprojectileshaveonly a certain lifetime because abrasion
Sponge ballsare manly used to remove soft deposits. For hard deposits, carborundum
coated balls can be usé€Bott, 1995) The selection of projectilenaterial depends on
whether or not idamage or weas the surface of the heat exchangehich can result in
even more foling. Figure 2-6 presents a schematic diagrafthe circulation of cleaning
balls in industrial applicatian

A large amount of material may also stick to the sponge ball due to the removal of
particles from thdouling layer. This, in turn, requires apag the systems and washing
the balls to remove sediment from time to time. Moshe (1995) overcame the problem of
cleaning the projectiles without opening the system by adding a collector, in which the
balls are vashed and the effluent water is released to the drain.

Back to the
main line

Water

pump — T m—
= ——— b - N
A Ball trap
R {7} 7 7,
'J. - L) >~ L) 4\/ - L2 - L) - - * . -
Check valve Y Check valve
| Controller  Collector (2] e .
[‘?&-—: } : N
\ f | - é
Control Control ?
valve valve ( )
Drain i
M T Air Compressor

Injector g1 refreshing

Figure2-6 Cleaning ball system (CQM)

There are many types gfrojectiles available and any selection requsemany
considerationsThe projectilesdiffer in size,density, hardnesand textureHere are some
guidelines for the séection of suitable projectisTaprogge):
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f Density of sponge balls can vary from ll6§/m? (soft) to 300 kg/m® (hard) Any
chosendensity depends ortube material, ube contaminants, ball diameter and
pressure dropcross thexchangeandfluid properties.

1T As f or phardriess ortcoatinghe type of depos andthe tube material
needto be taken into consideratiofhlard balls should be used only in stainless
steel or titanium tubesvhile soft balk are better used in brass tubes with delicate
operating procedures. Abrasive balls aresigieed to be used only in extremely
difficult casesof fouling and must not be used continuously. Abrasive sponge balls
are coated fully or partially with carborundum tmmbatinghard deposits.

1 The long term usef projectilesmaylead to an excessive tube wear.

1 After some passages, sponge balls get smaller. Once they are smaller than the
inner tube diameter, they should be replawduch is an additional cost factor
Tube conditions like roughness, corrosion andling will reduce the longevity of
the balk. This fact determines the lifetime of sponge balls.

Eimer (1985) demonstrates how the ball frequenfyalls/h) may be determined.rif
is the ratio of the number dfalls to parallel tubes in the exchangeen:

_ n3 3600 (2.1)

f, "

u

wheret, is the average ball circulation time in seconds. For examplg30Ds then
fi=12 balls/hi.e each tube sees a ball 12 taper hour. According to Eimer (1985) this is
a typical frequency (Bott, 1995).

This cleaning system must be operated continuously but based on intermittent
application.The cleaning period, i.e. the time the balls are in circulation and the interval
from the beginning of a cleaning cycle till the beginning of the next cycle must be taken
into account (Bott, 1995)As anexampleby Eimer (1985)it can be used once per day
during 1 hour with a ball injection interval of 12 balls/h (this could be considered as typical
interval) or during 2 hours with an interval of 6 ball/h (Bott, 1995).

Sametimes to protect the inner side of heat exchanger tubes against corrosipare¢he
covered by a film or layefBott, 1995 ancEimer, 1985). It is imperative therefore that
this coatingis not destroyed by armn-line cleaning methode. sponge ballsThis coating
is alsoan extrathermal resistancelherefore the thickness of the®atingmust be the
optimum that guarantees aufficient corrosion resistance with the minim thermal
resistance and capable to resist theffects ofsponge balls circation. In this case the
sponge rubber ballemoves the bulk of the soft deposit, lrdves on the surfadacquer
like iron-rich coding. The result can ba protection against corrosiorwith minimal
reduction in heat transfer efficiency, but the chat®perating conditions nesaareful
consideration (Bott, 1995).
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Technos has developed a technique to blend the balls with the special materials that
were previously used as coating on abrasive balls. The technique is claimed to provide a
major advantageover ball coating technique since the desired abrasive effectiveness
remains unchanged while the balls are being (ak&ofi,1989)

2.3.2 Technical limitations

Despite significant technological advancement, there are s#leral technical
limitations that Bould be consideredith respect tacleaning projectilesPerhapstte first
drawbackis the behavior of cleaning projectiles elevatedtemperatures. Due tthe
stability of the projectile material, they camesently notwithstand temperatures above
120°C (Mduller-Steinhagen et al. 2011Thus the present projectiles are limited|oov
temperatursystems.

The second limitation is the minimédw velocity that is needetbr the propulsion of
projectiles through the heat exchangdres. Better mitigationis expectedfithe diameter
of sponge ballss larger than ie exchangemnertube diametebut this in turnrequires
higher tubeside flow velocities for propulsion. These high flow velocities can become an
operational barrier in som@ocessesAnotherlimitation is the random distribution of the
projectiles through the exchanger tudieet Due to this maldistribution, some tubes may
be blocked due to excessive fouling if they are not cleaned as oftie@yashould beso a
good predistribution is regired. Problems may sometimes occur due to stickfreyball
in the tube.
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3 EXPERIMENTAL SETUP AND PROCEDURE

A test facility was designed and constructed to investigate dhkne cleaning
performanceof projectiles in tubular conduits durimgystallizaion fouling of calcium
sulfatesolution Calcium sulfate dihydrathas an inverse solubility feemperatureabove
40°C. Solution is heated up in a heated section so the deposit forms on the hot surface.
More detailswill be explained in section 3.2.Zhe test rigallowed the injection of
projectilesat different intervag and velocities during fouling runs.

3.1 Description of TestFacility

3.1.1 Process Flow Diagram (PFD)

The test rig was designed to simulate conditidios fouling and mitigatingin
industrial salewith respect tdubeandprojectilesizes. The flow diagram of the test rig is
presentedn Figure3-1. The projectilecan beinserted froma positionthat isspecified in
this figure andwould bedirectedinto the heatd testsectionby turning theflow from line
1 to line 2 Thisis doneby a3-Way-Valve (3WV). Ater passing through thieeated zone
the projectileis returned to d@ransparensectionto make sure that loesnot get stuck
somevhere intherig.

A centrifugalpumpwas usedo discharge the floirom the supply tank to théestrig.
The flow rate wascontrolled by a flow meter and 3Wplus actuator. The flow meter
serds signals to the actuator to allothat a certain flow passes through the weal
Excessive flow returns back to the tank through a bypassTiietank wa equipped with
a cooling coil and 3 jacket heatength a power of 3x500 W, a thermocouple and a
temperature controlleio adjustthe bulk temperaturgo a certain valueThe tenperature
controller receives thsignals fom a thermocouple located in the supply tank to adjust the
required power for the jacket heaterghe flow in the coolingcoil.

Some pan of the test rigwere made fromtransparent materighormal glass)or
tracing the projectilédo make surethat the flow and projectilesvere ruming smoothly
After passing the head sectionthe projectilecould be réurnedto the transparent part
This part is a set of piping, including a glass valve and tvwanttions(see section 3.1.7
andFigure3-17) to ersurethat it wa not stuck anywhere in the rig. Thereafter by opening
a2-Way-Valve,2WV, a small flowwould bring the projectile to itaitial position for the
next injection.Two check valves haveeeninstalled which avoid the revesof the flow.

The red crosses shown kigure 3-1 are mechanicahindrances t@reventprojectiles to
enterthe bypass lins.
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The outer diameterof the heatedubewhere fouling occurs wa25.4 mm with awall
thicknessof 2.5 mm, hencethe inner diameter was 20m. The inner diameter dhetube
had aminor varianceof £0.1 mm.
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Figure3-1 How diagram ofthe fouling test facility
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The projectile injection system is dhilighted in Figure 3-1 by an elliptic. The
projectile wa first inserted in the test rig via an inclinpgbe shown inthe upper left
cornerandidentifiedas fAi ns er t.iltrnvgs ther shgt ento the hisal ube by
changng the flow through the 3WV such that the flow passes from outlet (2) of the 3WV
to the heat exchanger tuldéigure 3-2 providesa pcture of the experimental setughe
main components of thegrare; (1 ) 2200 Wcentrifugal pump, (2Jransparent par(3) a
3WV that is fully actuated by a motor and a flow controller, (4) a 10 kW electrical furnace,
(5) projectile collector (6) piping, (7) control panel for the furnaand (8) flow meter
The @ L supply tank and filter are two other main pahnistare not shown in thiggure. A
70 um in-line filter is usedto remove suspended particles or broken depérsita the
flow.
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Figure3-2 Photo of the experimental setup
(1)3 hp centrifugal pump, (2)ransparent part, (3) 3WV that is fully actuated by a motor and a flawentroller, (4) 10
kW electricfurnace, (5)projectile collector, (6) piping (7) @ntrol panelof the furnaceand (8) flow meter

Figure3-3 elaboratesiow the projectile could b@jected irio a close loopin 5 steps.
At first stepthe projectileis inserted from thénclined pipe shown infiis figure. Thenthe
3 way valve was turnedto L position (seeFigure 3-3, step 2, so hat the projectile is
injectedinto the heatdsectionby theflow before returning to the transparent part

In step 3, the8 way valve will be turned toR position (Figure 3-3, step 3. Both ball
valves shovn in step 4shoutl be opered and the projectiles returnedback to its first
position by a small flow. In step 5 bollall valves have to beclosedagainand the system
is ready for the next jection.
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Figure3-3-Procedurefor the projectile injection and returnin a closel loop
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3.1.2 Furnace design andspecifications

A 10.5 kW electical heater was used as the heated secftiba.length of théneated
testsection wa80 mm (due tothe length othe available electric elementsfhe heatd
sectionwas positioned after 2@m of straight line to achieve a fully developed turbulent
flow. The heatd sectionconsised of a circular tube heated from outsitdg the electric
furnace By considering the maximum surface temperature (60°C) at 3.5 (timés
maximum velocity of thevorking fluid) plus 1 kW estimated heat loss, it was determined
that an electric furnace with a powef around 10.5 kW was requiredHeat wa
transferred from the electrfarnaceto the CaS@solution passing through tineated tube
which wa made fronstainlesssteel 316.. In Table 3-1 the desired parameters used for
designing the furnace are listed.

Table3-1- Desiredparameters fordesigningthe furnace

Parameter Values
Max. surfacetemperature (at 3.5 m/s) 60 °C
Bulk temperature(Max. at 3.5 m/s) 40 °C
Maximum velocity 35m/s
Insidediameter ofheatedtube 20mm
Maximumbheat flux (from the inner surface) | 596 kw/m®
Length oftube 28cm
Power offurnace 10.5 kw

Thedimensions othefurnacewere 706mm in lengthwith 650 mm of width and 550
mm of heightwith a btal weight of 80kg. To avoid heat logs 125mmthick insulation
was used.The maximum temperature tiie inner space othe furnaceis 1600°C. The
furnacehas a control boardhich is equipped wih temperature cordllers, pointersand
emergency instrumenté. powerful transformatowasused to provide thsuitable power
for the furnace Figure 3-4 depictsthe electric furnace where the locatiors of heating
elements, insulan, and heatetlbeare identified
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Figure3-4- Photos of1) furnace, 2Yube, 3) insulation and %heating elements

3.1.3 Wall temperature of heatedtube in the furnace

A reliable means ofleterminingthe extentof fouling inside the tube ito measurehe
tube wall temperatureBecausehe fouling layer is aresistanceagainstheat transferthe
tubewall temperature increaséseeFigure 3-5). To measure the tebwall temperaturéd
was firstly tried to pass two -8/pe thermocouples through the furnadember but no
thin thermocoupls wereavailableon themarketthat could withstandthe hightemperature
of 1600°C.Therefore,it was decided to extenvo holesinto the tube wall, which was
only 2.5 mmthick, from the insulatiorpackingtill the middle of the tubein the heaed
sectionas indicated irFigure 3-6. The 165 mm long holes(the longest possibleyith a
diameterof 0.8 mm were madéo inserttwo K-type thermocouples with a diametef 0.5
mm insidethetubewall. The gapwasfilled with high conductivepaste(T12+Arctic Silver
50 wi t h tubteity of 8.8 W/o®).nTHe two thermocouples with 300 mm length
and 0.5 mm diameter wepmsitionedinsidethe two holes.Due tothe high heat fluxin a
high temperature atmosphegefinite element analysiwas performedby ANSYSto be
surethat the themal stress irthe tubewill be less tha the allowable stres$or stainless
steel316L Based on the calculatipa maximumwall temperaturéMax. T,, of 300°C was
applied.
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Thermocouple
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Figure3-6 Method of inserting the thermocouples in theube wall

In this study thewall temperatureT,) is measuredby the two thermocouple®n the
left and right sides ithe direction of flow igure 3-7). Ideally, because othe symmetric
structure ofthe heating zongthe wall temperature at the left and right sides should be
identical In reality though,during the experimentssometimes here is adifference
betweenthe measuredvall temperature evenat clean conditionthusthe thermocouples
are not located exactht the same distance tiheinner surface othetube Thisdistane
could becalculatedby the Wilson plot method(see Appendix C)This method(Briggs,
1969) was used to find the exact positionghaf thermocouples in radial directicamd
hence the distance between the thermocsupled the tube inner surface can be
determined. Accordingly several experiments were carried out different surface
temperature

21



Chapter3i Experimental Setup and Procedure

Wall Temperature

LT

Flow direction

I
Right | Left

Figure3-7 Position of the thermocouples inside thieibe wall in flow direction

Surface Temperature

3.1.4 Projectile collector

The progctile collector was designed ascyclonefor collecting and removing the
projectiles fromthe test rig wheneverit was needed(Figure 3-8 and Figure 3-9). The
cyclone vasused in a bypass line and the projectile is directed by two 3WV into this
cyclone.There is a hindrandgection AA in Figure3-8 andFigure3-10) at theoutletthat
does not allow the projectdeo escape from the cycloné&/henthe projectiles located in
the collectoithenboth input and outpuineswill be closed(by the two3WV) andthe flow
is passedhroughthe main line again By o0 p e ni njgstbenkath th&dllectora | v e
the projectils weredrained The projectile collectowas largeenough to be used for many
injectiors before it beame full. Two glass windows wer@stalledto track down the
projectiles The collector is positioned in a direct limemard the heatedectionto ersure
the capture o$pherical anchon-spherical projectiles.
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Top view

Figure3-9 A picture of the projectile collector
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s

Figure3-10 Mechanicalhindranceat the outlet of projectile collector

3.1.5 Injection of projectiles

A simple devise wascondructed for insertingthe projectiles ito the pipe. It is a
pluggedinclined pipe connected to the horizontal pifppeoughwhich the flow passesThe
plug could be removedand the projectileeould beinserted when thélow was passing
through another line.By closing the plug,the projectile was ready for injection
Figure3-11 andFigure3-12 showtheinclined connectionwhich was equipped with a plug
and ahandle to be closed and opened easit washot during operabn. The connected
rod with a sphericalheadwasused toavoid that theprojectilere-enteredthe inclined pipe
(Figure3-12). After inserting the projectilento the pipe, it was ready for injection. Then it
was propelled by switching the flow from right to left by thev8y valve as shown in
Figure3-13.

Figure3-11 Projectile insertionassembly
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Figure3-13 The 3 way valve used for svitching flow directionfor injection

3.1.6 Flow control system

To maintainthe flowin the pipe at adesiredvalue, severalcontol instruments such as
a flow meter, a3 way valveplus actuator and a data acquisitisystemwere usedSignals
from the flow metexveresert to the data acquisitiogystem As shown inFigure3-14, the
signalswere first analyzed bya programwhich then agairsert a signalto the actuator to
setthe flowto therequired valudy actuatinghe 3way valve.
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Figure3-14-Flow control system
3.1.6.1 Flow meter

The magnetic flow neter (KFL-DC SERIALS a product of KAFLON M&C
instruments Companyjontaired a displayto showthe flow directly and alsa facility to

sendsignalsto the data acquisitiorsystem It serds signalsbetween €20 mA for a flow
between @16 nt/h, linearly(seeFigure3-15).

Figure3-15 Flow meter

For actuatinghe desiredlow rate an electric actuatand a3 way valve were used

(seeFigure 3-16). The atuator hd a mechaical part with gear$or connectionto the 3
way valve
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Figure3-16 The electric actuator an® way valve used for the flowcontrol

3.1.7 Filter

Anin-l i ne 70 wasmlsofused ttoeremove suspended pasicbr broken
deposits in the flow. The filtawasinstalled after the pump and before the bdakction
It wasmade from polyethylene and polypropylene and it is 0.5 m long.

3.1.8 Visualization of projectile movement

Some parts of the test rigere completelyconstructedrom glass, forobservingthe
projectiles,as some may get stuck in the rig due tg. deposit formation The main
transparent partare shown irFigure3-17. The construction was nestraightforward since
the other partsvere made frommetal and metaglass conectiors are prone toleakage.
Another difficulty with these parts was the construction of a hindrandbedirst T-
junction Figure3-18 shows how a hindrance is awetted ta glassT-junction.
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