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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.



ACKNOWLEDGEMENTS

ACKNOWLEDGEMENTS

First of all | gratefully acknowledge the financial support of the European
Commission for granting th€learEXx project (contract number 227462).

Also | gratefully acknowledge the help and support of the following people without
whom | would have been unabledarry outthis study.

First and foremost, am gratefulto my supervisor, Professor H. Miulk&teinhagen,
for his invaluable comments, guidance and support throughoustinly Without his
input, none of this work would have been possible.

Special thanks go to Dr. M.R. Malayeri, my-sopervisor and the head fauling and
cleaning in process indtriesat the Institute of Thermodynamics and Theriadineering
(ITW), University of Stuttgart.His guidance, discussisnwhenever | neededyeekly
meetings, and the encouragement throughout my doctoral resesebutstanding

| am also grateful totaff and technicians at ITW for tehelp and warnmhospitality
especiallymy closecolleaguesDr. Al-Janabi, Dr. Essawy and the guest researcher Dr.
Abd-Elhady.

| would like to express my sincere thanks and gratitude toséméor manager of
A Az ar aties Caonghang the companyhat| am employedfor the permissionof a
long termleavewhich allowed me to pursue my PhD

Last but not least, | am especially thankful flee wonderful support frormy family
membes specially my mother and father

Vi



Table of Contents

NOMENCLATURE .. eeee e e ettt e e e e et et et e mmeeessba e e e e e eeeennnannan Xiv
1 INTRODUCTION L.ttt ettt ettt ettt eameea s s e e e e e e e e e e aaeeeaeeeeeeaaaasessbbbebbbebbbbbnnennnes 1
1.1 Tubular Heat EXChangersIiMUUSIIY..........coooiiiiiiiiieiiieeeee e 1
1.2 Fouling of Heat EXChANQEIS......cciiiiiiiiiee ettt 1
1.3 Challenges in Mitigating Deposit Formation in Tubular Heat Exchangers...............ccc..... 2
1.4 ReSEArCh ODJECHVES........ccoo i e e e e e e e e e e e e e e e e e e e e e e aaaeeas 5
1.5  SCOPE Of PreSENt STUAY......uuuiiiiiiiiiiiiiiiiiciei et e e s reeeees 5

2 LITERATURE REVIEW ... ettt e e e et ettt e s emnn s e e e e e eeannes 7
2.1 Fouling Mitigation TECANIQUES ...ttt e e e e e aa e e e e e e e snnes 7
2.2 Offline Mititgation TECHNIQUES..........cooiiiiiiei e e e 7
2.3 Ortline Mitigation TECHNIQUES ...ttt e e e e e e e e e e e e e e e e e e e e e e e e e s e e eannes 9
2.3.1  Cleaning ProJECHIRS.......uuuiiii ittt e e e e e e e e 10
2.3.2  Technical IMItAtIONS........c.uuiiiiii e e e e 14

3 EXPERIMENTAL SETUP AND PROCEDURE ......oouuiiiiiiiiiiiii et 15
3.1 Description Of TESt FACIILY.......uuuuiiiiiiiiiiiiiiieeie e 15
311 Process Flow Diagram (PED)...........uuiiiiiiiiiiiieceee et 15
3.1.2 Furnace design and SPeCifiCatiQNS............cuoieiiiiiiieiieeee e 19
3.1.3  Wall temperature of heated tube in the furnace........ccccccvvveveevicc, 20
3.1 4  ProjecCtile COIBCION. ..o e e e e e e e e n e e e e e 22
3.15 INjection Of ProJECLIES..........uuiiiiiiiiieeeeeeeee e 24
3.1.6 FIOW CONEIOI SYSIEIM.. ... e e e e e e e e e e e e e e e e e e e e e e e e e e e e e s eaa s saaaa 25
3.1.7 (T TP PPT PPN 27
3.1.8  Visualization of projectile MOVEMENL..............cviiiiiiiiiiiiiee e 27
3.1.9 Measurement Of PreSSUIE AIOP......c.cuiiruriiiee ettt e e et eas 29
3.1.10 Data aCqUISITION SYSTEITL......cciiieiiiiiiiiiiietie et e e e e e e e e e e e e e aaaaaaaeaaaaaeaaeaasaaaaaaaaannne 29

3.2 EXperimental PrOCEAUIR...... ... et 29
3.2.1  Startup at clean CONAITION..........uiiiiiiiiiiiiiie e 29
3.2.2 Preparation of chemical SOIULION............cooiiiiiiiie e 30
3.2.3 Preparation for fouling eXperiment...........cccccuiiiiiiiiiiiiiiiieereee e e e 32

Table of Contents

Vii



Table of Contents

3.3 Cleaning the Fouled TUDE..........oooii e 32
3.4 Specification Of ProJeCHIES..........cuuiiiiieeeeee e 32
3.5  Matrix of Operating CONAItIONS.........cccoeeiiii e e e e e e aaa e 34
3.6 DAtB REUUCTION......ciitiiiiiiti ittt e e e e et e e e s s 37
3.7  Probing of the Heterogeneous Deposit Layer...............oooiiiiiceiiiniiiniiiiiiierreereeeeeeee e 39
3.8  Experimental Uncertainty and Error ANalySiS.........cuvvviieeiiiiiiiieeeeieeeee e 40
4 EXPERIMENTAL RESULTS AND DISCUSSION .....uiiiiiiiiiiiiiii e eeeeeee e 42
4.1  Heat Transfer at NGROUIING CONAILION.............uvvuiiiiiiiiiiiiiiiiiiirreereeee e eeee e A2
41.1 Effect of velocity on surface temMperature............cccccccvvivvrriiriiinieeeieeeeeeeeeeeeeeeeeeenn 42
4.1.2  Effect of projectile movement on surface temperature dvet transfer rate.............. 43
4.2  Fouling Runs without Projectiles...........cuvvviiiiiiiiiiiiieeiiieeceee e 40
42.1 Fouling curves for different VEIOCITIES.............oooiiiiiiiiiiieeeei e 46
4.2.2 Fouling curve for different CONCeNtrationS............uuueeiieiiieiiiiiieiiereeeee e a7
4.3  Fouling Runs with Projectile INJECIQN..........uuuiiiiiiiiiiiieeieeieeeeeeee e, 48
43.1 Impact of projectile injection on cleaning............ccccocceiviiiiiiiiiiiiieiiereeeeeeeeeeee ... 48
4.3.2  Compaction PRENOMENON.........c..uiiiiiie et e e 59
4.3.3  Cleaning action of projectiles in initiatiptransition and asymptotic phases.............. 60
4.3.4 Influence of sintering on the cleaning action of projectiles............ccccccceviiiiiiieenen. 63
4.4  Impact of Projectilénjection on the Induction Time............cccccceiiiiiinviviiviiiiireeeeeeeeeeeeenn O
44.1 Injection after INAUCION tIME..........oooviiiiiii e 74
4.4.2 Influence of multiple injections on the induction ®M.............cccccoovviiiiieeeeei i D
4.4.3  Visualization oinjected projectiles through the transparent glass tube.................... 76
4.44  Influence of injected air on the iNdUCAAIME............ccvvviieiiiiiiiieeeeeeeeeee e £ 9
45 Technical Problems in Using Projectile............oooooiiiiiiiiiiii e 82
45.1  Thermal shock due to cleaning by projectiles............ooooiiiiiiicciiiieeeeeeee 82
45.2 Metal ProJECHIES.....ooiiiiieii e a e 82
4.6 Development of a Criterion to Compare Cleaning Performance of Various Projectiles under
(o T0| [T g e [ @e] g o [1i 0] o - J TP PRRPPP 85
4.7  Tribological Analysis of Various Projectiles..............iiiie 87
4.7.1 Dynamic Shear fOrCe tESE. ... e e 88
472 HydrodynamiC fOrCE TESE.. ... 89
4.7.3 Ideal projectiles and contact stability (Z factor).........ccccceeeeeeeei i, 92

viii



Table of Contents

4.7.4  Effect of stiffness on contact stalylit...............ccooeeeiiiiii e 95

4.8  Criterion for the Selection of Efficient Projectiles............ccccoiiiiiiiie e, 101

5 THEORETICAL STUDY .oiiiiiiiiiiiiiiiiiiiiiiititreee e e e e e e e e e e e e e e e e e e e e aeesis bbbt e e e 105
5.1 Kern and Seaton Model (1958).........uueiiiiiiiiiiiiieie e 105
5.2  Model for Prediction of Fouling Resistance without Projectile Injection....................... 107
5.3  Model for Prediction of Fouling Resistance with Projectile Injectian...............ccccccceuee 109
5.3.1 Representative saturation CoONCentration.................coooeeiicciiiieviiniiiieriieeeee e eeee e 110
5.3.2  Asymptotic fouling resistance as a function of injection interval.......................... 114
5.3.3 Reaction constant of the Arrhenius equation...........ccccccvevviiiiiiiiiiiiie, 115
5.3.4  Consant value of developed MOEK)(..........cvrrrreeeriiiiiiiiiee e 116

6 CONCLUSIONS AND FUTURE WORK ...ttt eeene e 119
L3 A ©7o ] s (o1 013 o] o - ST PP UPPPPPPPRTN 119
6.2 FULUIE WOIK. ...ttt et e e e e e e 121
RETEIEINCES.....oe ettt e ettt e e e e s e e e e e e e bbb e e e e e e e e nbrrneeeeeeans 123
Appendix A Weight Estimation of Heat EXChangers..........cc.vvvviieiiiiiiiiiiiec e I
Appendix B; Measurement of CaS@ONCENIIALION........cciiiiiiiriiiieeeiirtiiree e IX
Appendix @& WIlSoN PIOt MELNOG............oooi e a e X



Table of Contents

Figurel-1 Extra weight from using different fouling resistances in the design of a typical heat exchanger

....................................................................................................................................................... 3
Figurel-2 Flow chart of the scope of work in this study.................ooo oo, 6
Figure2-1 Change of heat transfer coefficient with and w/o cleaning (Bott, 1995)............ccccceeeenn. 7
Figure2-2 Various offine cleaning methods (MulleBteinhayen et al. 2011)..........ccccoeeeeeeeennnnn
Figure2-3 Drill and scraper cleaning system (Bott, 1995).........cuuuuiiiiiiiiiiiiiiiiiieieeeeee e 9
Figure2-4 Online cleaning methods (Mullésteinhaga et al. 2011)..........ccovveeiiiiiiiiiiiee e, 10
Figure2-5 Brush and cage system (KALVO VOGLER GmbH)..........ccccooviiiiiiiiiiieiieeeeeeee, 11
Figure2-6 Cleaning ball system (CQIM)..........oooiiiiiiiii e e e e e e e e e e e aaa e 12
Figure3-1 Flow diagram of the fouling test facility..............coouiiiiieiie s 16
Figure3-2 Photo of the experimental SEIUD.............uuuiiiiiiiiiiiiiiiiieeeer e e e e e 17
Figure3-3-Procedure for the projectile injection and return in a closed l0OP..........ccccvvevveeirnninne. 18
Figure3-4- Photos of 1) furnace, 2) tube, 3) insulation and 4) heating elements................cc.eee.... 20
Figure3-5 Tentative location of thermOCOUPIES............uuiviiiiiiiiiiiiiiiieceee e, 21
Figure3-6 Method of inserting the thermocouples in the tube wall..............ccccceeiiiiii e, 21
Figure3-7 Position of the thermocouples inside the tube wall in flow direction................cccvveeee... 22
Figure3-8 Drawings of the projectile COlECQL.............oooiviiiii e 23
Figure3-9 A picture of the projectile COIECIAN..........cuuiiiiiie i 23
Figure3-10 Mechanical hindrance at the outlet of projectile collector............ccccvevviiiiiieiee e 24
Figure3-11 Projectile iNSErtion assembIY.........cooo e 24
Figure3-12 A rod with ball to push the projectile inside the PIPe.........ccccoeviiiiiiieieieeee e 25
Figure3-13 The 3 way valve used for switching flow direction for injectian............cccccooevuvvieenenn. 25
FIgUre3-14-FIOW CONLIOI SYSTEIML. .. ..uuuiuiiiiiiiiiiieieieeeeee e e e e et e et e e e e e e e e e e e e e e e e e e s e e s e e e e e aneebbeesrasreesseneees 26
FIQUIR 3-15 FIOW IMELEN.... ..ttt et e e e et e e e e e e e e e e e e eees 26
Figure3-16 The electric actuator and 3 way valve used for the flow control.............c.occvvveeeeenn. 27
Figure3-17 The construction alass PartS............ooooiiiiiiiiiiiiiir e e e e e e e e e 28
Figure3-18 Hindrance at the glasSiUNCHION. ..........coiiiiiiiiiiiiie e 28
Figure3-19 Variation of different parameters in the time span d 8rS.............cccovieiiiiiiiiii s 30
Figure3-20 Fouling layer position with respect to the heating element and the solution side....... 39
Figure4-1 Surface tempetare vs. velocity for different furnace temperatures and the bulk temperature
0] R PO OUPPRTTTRI 42
Figure4-2 Effect of projectile PO1 on surface temperature of the tube in the two positions where
thermoUPIES Are IOCATEM. .......coiiiiiiiei e e e e e e e e e s eeeeas 44
Figure4-3 Effect of projectile PO1 on the inlet and outlet temperatures........cccovvvvveeeeeieeeennn 46
Figure4-4 Fouling resistance véme for different velocities without injecting projectiles................47
Figure4-5 Fouling resistance for different concentrations without injecting projectiles................. 48
Figure4-6 Fouling curves for projectile PO1 with different injection intervals................................ 49
Figure4-7 Effect of PO2 on cleaning with different injection intervals..............ccccoviiiiiiiiiieenennnnn. 50
Figure4-8 Repeatability test for PO2 with injection interval of 5 min.........ccccccovviiiiiieeeeiiiiiiieeen. 51
Figure4-9 Comparison of various projectiles on cleaning for the saijeetion interval of 5 min....... 52
Figure4-10 Comparison of various projectiles on cleaning for the same injection interval........... 53
Figure4-11 Impact of P04 on fouling resistance for different injection intervals..................c......... 54

X



Table of Contents

Figure4-12 Impact of P11 on fouling resistance for different injection intervals...............ccccveeee.. 54
Figure4-13 Effect of P12 on cleaning for different injection intervals..............cccccccviviiiiiiieeeeennnen. 55
Figured-14 Effect of mitigation in each 5 minutes interval..............ccccoviiiiiiiiiieiiereceee e, 56
Figure4-15 Variation of operating conditions that led to the shutdown of the rig when P05 got stuck in
TNE TUDE. ..o e e e e e e e e e e et e e e e e e e r e e e e e e e 57
Figured-16 The location where the projeldigot stuck and the tube turned black.......................... 58
Figure4-17 The 15mm tube deformation in middle of the heated section................cccceevvienrnnne 58
Figure4-18 TornP05 projectile after being stuck and released..............ccccoocvicciiiiiiiiiiiiniieeeeeee, 58
Figured-19 Increases in the tube wall temperature for the left and right thermocouples after each
INJECTION OF PO4.....eeeee et e e oottt e e e e e e e e e e e e e s b e e e e e e e s nnbrnneeeeeeaan 59
Figure4-20 (a) 0.1 mm clearance between EX06 and the tube. (b) schematic illustration of compacted
deposit DY NAId PrOJECHIES. ... e e e e e e s e e e e e e 60
Figure4-21 Three stage afleaning actions; induction, transition and asymptotic.................cc..e... 61
Figured-22 (a) Crystalline layer in the transition period, (b) Sintered layer in the asymptotic perio2i
Figure4-23 Schematics of (a) suitable asymptotic (b)-saitable asymptotic fouling layer............... 63
Figure4-24 Fouling resistance (a) and surface temperature (djrmas. with injection (P12) and no
1T 1o o 65
Figure4-25 SEM images of 1st sample taken after 3 hours of operation; (a) top view (b) cross section (c)
o L0110} 0 0 TN T SRR 66
Figure4-26 SEM image of 2nd sample taken at the experiment, (a) top view, (b) cross section (c) bottom
1= 2SR 67
Figure4-27 Fouling resistance (a) and outerface temperature (b) as function of the projectile
INJECHON INLEIVAL.....coiiiiiiii e e e e e e e e e e e e e e e e e aaeeeaaeaeaeenaaend 69
Figure4-28 Development of the fouling layer during online cleaning using projectiles................. 70
Figure4-29 Comparison of fouling resistance with and w/o projectiles (P12) versus time...........71
Figure4-30 Repetition of the experiment presented in FIgQArBO................ooooiiiiiiiiciciniineeeeeee, 12
Figure4-31 Fouling resistance versus time as a function of the flow velacity..............ccccccevevnnn 73
Figure4-32 Induction time versus flow velocity wiind w/o projectiles (P12)............ccccvvvvveeeininnnee. 74
Figure4-33 Fouling resistance versus time for various operating SCeNarios.............cccceeeeeeeeeennn.. 75
Figure4-34 Fouling restance versus time as a function of the injection interval.......................... 76
Figure4-35 Visualization of the injected projectile (P01) passing through a transparent glass.tuig@
Figure4-36 Cross section of the heated tube after a fouling experiment....................cccoeeeeeiiiineee 79
Figure4-37 Fouling resistance versus time at a flow velocity of (a) 3 m/s and (Wy/2.2.................. 80
Figure4-38 Bubble and ring fouling occurring at the triple interface................ccccocei e 81
Figure4-39 View of the brush projectile from the side (EXO4).........uueeiiiiiiiiiiiiiiiiiiiiieeeee a3
Figure4-40 Projectile gets stuck while trying to pass horizontally through the reducer................. 83
Figure4-41 Reducers Were (left) and after (right) modification...............coveeiiiiiiii e 83
Figure4-42 Sketch of projectile, EX04, in the reducer before (left) and after (right) modification. 83
Figure4-43 Tube wall temperature vs. time at a flow velocity 3.0 m/S.........ccccceeeiiiiiniiieiee e 84
Figure4-44 Fouling resistance vs. time at a flow velocCity 2.2.mMIS...........ueeeiiiiiiiiiiiiiiiiiiiieeeeeeee 84
Figure4-45 Projectile EX04 before (left) and after (right) one day of experiment..............cc......... 85
Figured-46 Spring projectile (EXO05) at different cONditionS...........ccoovvviviiieiie s 85

Xi



Table of Contents

Figure4-47 Overall efficiency (OE) of projectile cleaningATA2)X100..........ccceeeriiiimmmrieenriiiireeeenn 86
Figure4-48 Tensometer to measure the required force to pull the prdiechrough the tube............ 89
Figured-49 Sketch of the rig to measure hydrodynamic shear StteSS.........ccccvvvvvvvivieeiieeeeeeeeeeenn. 91
Figure4-50 Fluctuation of absoluterpssure ) behind the projectiles and fluid velocity for P02, P10 and
PO PPPPSPPUPPPRRPN 92
Figure4-51 Results gb,and_qyn for 3 projectiles (P02, P10 and P12).........ccccocciiviiiiiiniiiiesiee 94
Figure4-52 The arrangement to measure the hardness...........cccccooiiiiei e 96
Figure4-53 Diagram of compression test for P02, P10 and R12.........ccccvvvevvieieeiiiiiiiiiiieeeeeeeee, 97
Figure4-54 Contact stability with tube for 3 projectiles (P02, P10 and P12) with different stiffne$9
Figured-55 Z factor VS. SHINESS.........uiiiiiiie e 100
Figured-56 Applicability of soft/hard projectiles based on the diameter and minimum required velocity
................................................................................................................................................... 101

Figure4-57 Efficiency based on the exerted dynamic shear andacbairea, results from Tab#8 ..102
Figure4-58 Efficiency, ratio of asymptotic fouling resistances with and w/o injections and contact area

AS TUNCHION OF SHT @SS, .. oot e e e e e e e e e e e e e e e s s e e e e rreaeeeeees 104
Figureb-1 Fouling resistance vs. time with and w/o injecting projectiles using the Kern and Seaton model
................................................................................................................................................... 107
Figure5-2 Concentration profile at the swa€e of deposit with and w/o injections................c........ 113
Figure5-3 Calculatedk value for the developed mMOodel...........cccuviviiiiiiiiiiii e 117

Xii



Table of Contents

Tabk 1-1 Fouling resistance for different water services in exchanger design standards.............. 4
Table3-1- Desired parameters for designing the furnace..................ooo oo 19
Table3-2 Specification of suggested soft projectiles.........ccvvveei e 33
Table3-3 Specification of suggested hard projectiles............cooooiiciiiiiiiiiee e 33
Table3-4 Specification of suggested metal ProjectilesS..........viiiiiiiie e, 33
Table3-5-Range of operating CONAIIONS............ocoiiiiii e e e e e e e e e e e e e e 34
Table3-6 Matrix of operating contions for the experiments (fouling runs),=BCC..........ccccccevrurnnen 34
Table3-7 Calculated uncertainties for various variables.............coccvvvviiiiiiiiii e 41
Table4-1 Variationof clean heat transfer coefficient and heat flow rate for different injection intervals
(o) 0 SRS 44
Table4-2 Operating conditions for experiment NO. 039.........cccccciiiiiiiiiiiiiiiiieerr e e 56
Table4-3 Specifications of investigated projectiles for stiffness measurements.............cccceeveeee.. 88
Tabled-4 Parameter SettingS COMPIeSSION tOSE.......iuuuriiieeiiiiiieie e 96
Table4-5 Statistics test series of P02, P10 @NO.PL2... ... e e e 98
Tabledc {GATFTFySaa FI OG2NA..0NO.  F2NL.RAFISNEY.L... 0N 2SO0 A
Table4-7 Physical features, contact area, porosity and stiffness for P12, P02 and.R10............... a8
Table4-8 Efficiency of various projectiles for different injection intervals...........cccccvvvvveveeeeeenneen. 101
Table5-1 C*and C** for different surface temMpPEratures..........cuuevveeeiiiiiireeieee e 112
Table5-2 Inserting the values of the parameters in EQ65from the experimental ®ults................ 117
Table5-3 Calculated errors for the MOEl..........c.uuveviii i 118

Xiii



NOMENCLATURES

NOMENCLATURE

Al  Area under the curve of fouling resistance vs. time with projeatile
A2  Area undethe curve of fouling resistance vs. time without projegtife
A.  Crosssectioral of tubg nv

Agqyn  Contact area between tube and projectile at dynamic condtipr.§ m’
Ana  Contact area between tube and projectile at hydrodynamic conBiio#o, mf
A Inner surface area of the heated tubg, m

B Biaserror

C Uncertainty

C Constant value in Eq. C4,

Cs Saturatiorconcentration, g/L

Cswo Saturation concentration at surface of deposit without projectile, g/L
Csw Saturation concentration airéace of deposit with projectile, g/L

Co Bulk concentration, g/L

C Representativeaturaton concentratiorwithout projectile g/L
ol Representativeaturaion concentration withprojectile g/L
Cc Geometrical parameter indigag dimensions of progile totube Agy/Ac

G Specific heat capacity/kg®
Dwbe Inner dameter otube mm
Dproj. Diameter of projectile, mm

E Activation energyJ/mol

f Friction factor -

fi Ball injection frequency in Eq. 2.1, balls/h
fu Averageball circulation time in Eq. 2.1, s

Fayn  Dynamic forceEq. 4.8 N

Fhya  Hydrodynamic forcéeq. 4.9 N

Number of recorded data during experiment

Constant in Eq. 5.6n%/s

Preexponential factofpre-factor)in Arrhenius equatiorm®kg®
Arrhenius constant rate of reaction’/kg®@

Constant in Eq. 9, variable dimension

Overall lengthof tubein heated section, m

Massflux, kg/m’®

Total number of logged experimental data

Number of observati®@Eq. 3.10-

Injectionratg #/min

Ratio of ballchargeto number of parallel tubes Eq. 2.1 -
OE Overal efficiency,-

P Precision error

DDDDE:I_N?)T;(%\_?\__'

Xiv


http://en.wikipedia.org/wiki/Activation_energy
http://en.wikipedia.org/wiki/Pre-exponential_factor

NOMENCLATURES

p Pressurdabsolute) Pa

Py Gage pressure, Pa

p Injection interval factor;

0 Rate of heat transfer across the heated tube, W
A Heat flux, W/nf

r Inner diameter ofube, Eq. 4.3m

R Fouling resistance, f/W

Y  Average thermal resistance?®&/W,

R Theuniversal gas constairt Eq. 5.4, J/mol&
R Thermal resistanda Eq. 3.8, m&/W

Y Average thermal resistance in EqL@.m?G/wW
Y Asymptotic fouling resistancen’®/W

v

v

v Asymptotic fouling resistanosith projectile m?®/wW
v Asymptotic fouling resistance without projectite?®/wW

'Y  Function of fouling resistance wigirojectile m*@&/w

'Y+ Function of fouling resistance withoptojectile m?®&/W

S Distance between th@ocouple andhner surface of tube, m
S Standard deviation in stiffness test, N

T TemperatureK

T Temperatureof furnace K

Ty Bulk temperaturdthe temperature of the circulating flow in the test, i)
Ty,  Bulk temperature in heated section (Eq. 3K2)

Ti Inlet temperaturego the headsection K

To Outlettemperaturérom the headsection K

Ts Surface temperatur&

Tsc  Surface temperature at clean conditikn,

Tssw  Surface temperature at fouling condition with projecile,

Tsivo  Surface temperature at fouling condition without projectie,

Tw Wall temperatureseported values by left and right thermocouples,

t time,s

U Overall heat transfer coefficient, Wi

Us Overall heat transfer coefficieat fouling conditions, W/R&
U Overall heat transfer coefficient at clean conditions, ¥@&m
Y Velocity, m/s

v Variation coefficient in stiffness test, N

W;  Weight of designetieatexchangefor cleancondition kg

W Weight ofheatexchangedesignedwith fouling resistancekg
X Average exerted force on the projectisy. 4.13 N

Xd Thickness of the deposit layen

XV


http://en.wikipedia.org/wiki/Universal_gas_constant

NOMENCLATURES

Z

Contact gability factor

Greek Symbols

U Convectiveheat transfer coefficient, WA

U Factor of force and deformation, N

a Thickness ofouling, m

U Deformation[%6]

d Relaxation time, min

o Thermal conductivity of tube, W/

ey Thermal conductivity of deposit, W&

q Shear stress at the fludeposit interface, Pa

Wy,  Dynamic sheafmomentary) Pa

W  Hydrodynamic sheaimomentary)Pa

L';!,hyd Continuous hybdynamic shear, Pa

Ly Mass @positon rateof fouling per unit areakg/m’@
Ly Mass emovalrateof fouling per unit areakg/m®@
L Strength of deposity/m?

SubscriptéSuperscript

b bulk

c clean

c continuous

d deposit

r removal

dyn dynamic conditionprojectile under mechanical pushing
f fouling, furnace

hyd hydrodynamic condition, projectile under propulsion force of flow
i inlet, inner

o] outlet

S surface

w with

wo  without

Abbreviations

EDTA EthyleneDiamine TetraAcetic Acid
FL Fouling Layer

HE Heat Exchanger

XVi



NOMENCLATURES

IT Induction Time

IKT Institut fir Kunststofftechnik (Institute of Polymer Technology)
inj Injection

MST Minimum Sintering Temperature
Proj Projectile

2WV Two Way Valve

3WV Three Way Valve

CasSQ Calcium Sulate anhydte
Ca(NG;)2.4H,0 Calcium Nitrate Tetrahydrate
NaSQ, Sodium Sulphate

w/o Without

XVii



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



Chapterl i Introduction

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).

13



Chapter2i Literature Review

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.

15



Chapter3i Experimental Setup and Procedure

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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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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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
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Figure3-7 Position of the thermocouples inside thieibe wall in flow direction
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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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Figure3-18 Hindrance atthe glassT-junction
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3.1.9 Measurement of pessure drop

Two tapings werenstalledbefore and after the heatsection to measure inlet and
outlet pressuresThe employed pressure transducer was model DPX101 Sefries
Omegawith asensitivty of readngthep r e s s u r e whech veas thertunedgosvery
0.5 s because of limitatisrof the data acquisition program. The maximum erobrthe
pressure transater close to absolute vacuumsw#0 Pa The normalfluctuations of
pressure for flow were 2 Pa Thus the flow fluctuatiors did not allow obtaining a
measurablevalue for the pressure drop since the difference between the input and output
pressure wasower than the fluctuations themselydsut they were sensitivenoughto
recognize the produced shedren theprojectilepassed through the hedtsection

A series of pressure measurensemas conductedto discern the stability of
pr oj ecwontact wighthetube To eliminate the fluctuations, a lomgbewas used and
the flow was discharged to thenbhient Then the pressurbehind the projectile was
recordedvhile it passedhrough thdube(seesection4.8.2for more details

3.1.10 Data acquisition system

A data logger is an electronic device that records data over time or in relation to
location either \a instrument®r sensorsThe devisesused in this investigatiowere Data
Acquisition Module 34970A (Main Deviceg 34901A 20Input Channel Multiplexer and
two 34907A X2-Output Channel Multifunctionthe products of Agilent Technologieé
34830A Benchink Data Logger Pro software was installedaocomputer for configuring
the input and output channel$he sensoraused inthe rig included thermocouples,
pressure transducers atiee flow meter.Data could be recordeat different intervalsIn
this workit is between0.5s1 1 min according to th@ature ofthe attemptedexperiment
The data is recorded momentary based on the receneldg electricasignal (of mA or
mV) from differentdevices.

3.2 Experimental Procedure

3.2.1 Start-up at clean condition

At first, the furnacetemperaturefor each specified surface temperature and fluid
velocity wasadjusted For instancgfor a surface temperature 61°C andavelocity of 0.8
m/s therequiredfurnace temperaturteirned out to be200°C. Starting up the tesgrtook
almost 2 hours to react1200°C because of the limited heating up ramp (maximum
10 K/min recommended by theirnacesupplie). During heating upfirstly demineralized
water was pumpedthrough the rig Figure 3-19 shows how all variablesary before
reaching the sefpoints at steadystateconditions When the bulk temperature readhbe
setpoint (40°C) after 48nin, the control systenfor thecooling water staetdto adjustthe
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bulk temperatureSteadystateconditionwasmaintainedwvhenthe furnace reachldts set
point after approximately two hoursin this study the tube wall temperature T()
represerdd thetemperaturat thelocations wherehe thermocouplesereembedded, i.e.
the two thernocoupleson the left and right sides ithe direction of flow. It wasalready
mentionedhatthe constandifferencebetweerthetwo measuredubewall temperatureis
related to thalifferent positiors of the thermocouple with respecto theinterior suiface
whichwasdeterminedy the Wilson plot method

The 1ow control system reactetb deviatiors from steadystate conditiondast. It
adjusted the flow to sqtoint almost instantaneouslyigure 3-19 showsfor demineralized
water, that no changsin any parametetemperatures and flow are expected in the absence
of fouling. At fouling conditions though, theubewall temperaturés expected to rise

00:47 Starting cooling water
1:48’ Steady
1400 >
O 1200 —F—— —
BTSN
B Operating conditions
qg’. 00 7 Bulk temperature 40 °C & Tirfisce
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Figure3-19 Variation of different parameterdn the time span of 8.5 hrs

3.2.2 Preparation of chemical solution

Calcium sulate dihydrate (CaSQQH,0), which is used as foulant in this
investigation, has an inverse solubility with temperature above dG@Gialahmaidet al.
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1993) The solubility is stronglyinfluenced byof the presence of other iofidarshallet al.
1964)in the solution thus demineralised water with a conductivity of 50 uS/cm is used.
Since calcium stiite crystals do not dissolve easily in watewaspreferred to dissolve
calcium nitrate tetrahydrate (Ca(N@4H,0) and sodium state (NaSQy) together in
water to produce a calcium &ate dihydrate solution. These two chemicatse chosen
becaise their high solubility in water coulgrovidea high enough concentration of foulant
ions in the solution, akasbeen shown by Najib{1997) The resulting sodium nitrate
(NaNG;) increaseshe solubility of calcium stidte,asexplained by Marshall et a]1964)

and Rizzo(2008) They attributed thiso the electrostatic attraction between the sodium
nitrate ions and the ions with opposite charge formed by the calcitiatesul

Several experiments were performed to determine the suitable bulk concentration. It
was observed that in order to produce ifuglat measurable rates, the calciumfesel
solution had to be with a bulk concentration ab88x/L. The prepared test solutibias a
bulk concentratiorof 4.6 g/L. In this concentratiothe pH is 8.2, thoughhe calcium
sulfate solubility is not sigficantly affected by pH (Jamialahmadi and MiH&teinhagen,
2004)

Several tests have been performedspecifically investigate the possibility of bulk
crystallization. In the experiments where the fouling layer had reached an asymptotic level,
the expements were kept running afterwards for several hours and the bulk concentration
was continuously monitored. It was found that the bulk concentration did not change
Therefore, it can be concluded that bulk crystallization did not take placeeHba
paossibility of crystalliation in the bulk liquid was ruled out in all fouling experiments
considering that heterogeneous nucleation on the heat transfer surface requires less
activationenergy than homogeneous nucleatiothmliquid (Andritsos et al. 2003

Half of the volume of the supply tank, i.e. B0was filled with demineralied water at
the beginning of eacfouling experiment, and thethe setup was switched day turning
on the pump and the electfiarnace Two 15 lier chargesof calcium nitrae tetrahydrate
and sodium stiite solutionsvere heated to 40°C in separate thermostat tanks, then added
to the supply tank once the temperatwfethe electricfurnace as well as the bulk
temperature of the circulating waterdh@ached steadstate coniion. The two solutions
were thenmixed immediately due tthe high turbulence in the supply tank forming CaSO
based onhte following chemical reactiorBansal et al. 2008 and Alanabi et al. 2009)

Ca(N@)..4HO + NasQ ----= > CaS2H,0+ 2NaNg+ 2HO

The concentration of CaQluring the fouling experiments was determined by a
complexometric Ethylen®iamine TetraAcetic Acid (EDTA) acid titration(Fritz et al.
1987) and then controlled by the addition thfe respective solutions. The titratiomas
carried outevery half hourgetails about the titration method can be foundppendix B
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To maintainthe concentration of Cag@tthedesiredvalue a highly concentrated solution
of calcium nitrate and sodium $atewasadded to the supply tank.

3.2.3 Preparation for fouling experiment

At the beginning of each fouling experiment, various components of the test.rig i
supply tank, filterandheaed sectionhad to be checked to see if thamasany deposit left
from the previous eeriment. A fouling expement wa then started by turning on the
pump and the electriturnace The furnacetemperature wa set to increase atrate of
10K per minute. This wain order to maximize the lifetime of tfiernace(recommended
by the supplier) When the supply tk reacheda bulk tempeature of 40°C, the
temperature wacontrolled by a water cooling system. The flow velogis alsaadjusted
by the flowrmeter and the BV plus actuate. The data acquisition system svihen
switched on to assess the stabilitytloé operating conditionsAs mentionedbefore the
electric furnace reacles steadystate condition after approximately 2 hours of heating
Once steadygtate conditions we confrmed, then the fouling process svatarted by
addingthe calcium nitrate tetrahyateand sodium sulfate solutionsttee supply tak. The
data acquisition system wahen seto record all input signals every 1 minute and stbre
as a Microsoft Excel spreadsheet.

3.3 Cleaning the FouledTube

Whenthe foulingexperimentwas finished it was necessary to clean th&be before
using it for the next experimento clean the surface from the deppsitchemicabgent
anti-gypsum was usedThis chemicalvas added inside thieibeat 60°C for 3 to 6 hours,
depenihg onthe harchessof the depsit, in a bath with amiltra-sonicstirrer.

3.4 Specification ofProjectiles

Two main types of projectilesvere used in this studyThe first groupincluded
cleaningballs while the secondjroup consiste of metal projectiles. Cleaning baNgere
alsodividedinto hard and sofballs. Measurements on how to determine th#énessof a
projectile will be explainedlater. Two shapesf metal projectiles which were designed
and suppliedby CQM Company were also investigated. More specificationsof the
investicated projectiles are listed imable 3-2, Table 3-3 and Table 3-4. The reported
dynamic shear forcd¥,) in the tablesvill be introduced in section 4.7.1.
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Table3-2 Specificationof suggestedsoft projectiles

Projectile

Code P02 P05 P06

Diameter (mm) 22 24 21x22

Type Spongeball Spongeball SiliconHollow-ball SiliconSolidball
notch on surface

Stiffness (N/ % def.) | 0.178 0.558

_ayn(KP@) 14.2 75.0 80.1 95.6

Projectile

Code P09 P10
Diameter (mm) 22 23

Type Spongeball Spongeball
Stiffness (N/ % def.) 0.178
_ayn(kPa) 51.0 36.2

Table3-3 Specification osuggestechard projectiles

Projectile

Code P04 EX06 P11 P12
Diameter (mm) 19.8 19.8 20.0 20.2

Type Rubberball Rubberball Rubberball Rubberball

Smooth surface

Structured surface

Structued surface

Smooth surface

Stiffness (N/ % def.)

1.040

1.040

1.040

1.040

_dyn(kpa)

loose

loose

negligible

932

Table3-4 Specification osuggestednetal projectiles

Projectile

Code EX04 EX05
Diameter (mm) 19.5 20

Type Metal bullet Metal spring

Stiffness (N/ % def.)

_dyn(kpa)
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3.5 Matrix of Operating Conditions

The range obperating conditiongn this workis listed in Table 3-5. The important
pointto note herés that thevelocity of 3 m/scorresponds ta Reynolds numbeaf around
10°. Thus to perform fouling rumandto have measurable depasit very high furnace

temperature is required

Table 3-6 lists theopeiting conditionsof the performedfouling experiments withor
without projectiles These experiments wecarefully plannedto discernthe performance

Table3-5-Range obperating conditiors

Parameters Range
Bulk temperature 40°C
Velocity 0.5-3.0m/s
Chemicatoncentration 3.0¢5.0g/L
urface temperatureof heatedtube 71-80°C
Inside diameter oheatedtube 20.0 mm
Length of heatd section 28cm

Min. projectile interval 20s
Max.Power of furnace 10.5 kW
Maximum heat fluXfrom the inner surfack | 596kw/m’
Maximum temperature of furnace 1600°C

of variousprojectilesat different operating conditions.

Table3-6 Matrix of operating conditiors for the experiments(fouling runs) T,=4¢F°C

Exp.| Surface | Concentration| Type of | Projectile | Velocity | Descriptions
No. | Temp. of (/L) Projectile| Inj. Interval | (m/s)

Tube (per min.)

°C)
001 80 5.0 P01 Not Regular 0.8
002 80 4.0 P01 Not Regular 0.8
003 80 4.0 P01 Not Regular 0.8
004 80 4.0 PO1 30 0.8
005 80 4.0 PO1 5 0.8
006 80 4.0 PO1 5 0.8
007 80 4.0 PO1 2 0.8
008 80 3.0 N/A W/O 0.8
009 80 35 N/A W/O 0.8
010 80 35 N/A W/O 0.8
011 80 3.7 N/A W/O 0.8
012 80 4.0 N/A W/O 0.8
013 80 3.8 P02 30 0.8
014 80 3.8 P02 2 0.8
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Table 36 (continue)

Exp.| Surface | Concentration| Type of | Projectile | Velocity | Descriptions
No. | Temp. of (/L) Projectile| Inj. Interval | (m/s)

Tube (per min.)

°C)
015 80 3.8 P02 5 0.8
016 80 3.8 P02 10 0.8
017 80 3.8 P02 15 0.8
018 80 3.8 N/A /e 2.2
019 80 3.8 N/A /e 2.2
020 80 3.8 EX06 5 0.8
021 80 3.8 P04 5 0.8
022 80 3.8 N/A wW/O 0.8
023 80 3.8 N/A wW/O 2.2
024 80 3.8 P10 60 2.2
025 80 3.8 P10 10 0.8
026 80 3.8 P02 10 0.8
027 80 3.8 P02 5 0.8
028 80 3.8 P10 5 0.8
029 80 3.8 P10 5 0.8
030 80 3.8 N/A W/O 0.8
031 80 3.8 N/A W/O 0.8
032 80 3.8 N/A W/O 0.8
033 80 3.8 N/A W/O 0.8
034 80 3.8 N/A W/O 0.8
035 80 4.3 N/A W/O 0.8
036 80 3.8 N/A W/O 0.8
037 80 4.8 N/A W/O 0.8
038 80 4.6 N/A W/O 0.8
039 80 4.6 P05 5 0.8
040 80 4.6 P06 5 0.8
041 71 4.6 N/A W/O 1.3
042 71 4.6 P06 5 1.3
043 71 4.6 P06 10 13
044 71 4.6 P06 15 1.3
045 71 4.6 P11 5 1.3
046 71 4.6 P12 5 1.3
047 71 4.6 P2 10 1.3
048 71 4.6 P12 10 1.3
049 71 4.6 P12 15 1.3
050 71 4.6 P02 5 1.3
051 71 4.6 P04 5 1.3
052 71 4.6 P04 5 1.3
053 71 4.6 P04 10 1.3
054 Failed
055 71 4.6 P12 10 1.3
056 Failed
057 71 4.6 P12 2x10 1.3
058 71 4.6 N/A W/O 2.2
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Table 36 (continue)

Exp.| Surface | Concentration| Type of | Projectile | Velocity | Descriptions
No. | Temp. of (/L) Projectile| Inj. Interval | (m/s)
Tube (per min.)
°C)

059 71 4.6 N/A wW/O 0.8

060 71 4.6 N/A /e 3.0

061 71 4.6 N/A /e 1.3

062 71 4.6 P12 10 2.2

063 71 4.6 P12 10 3.0 Injecting air
each 10
minutes

064 71 4.6 N/A 10 2.2 Taking sample

065 71 4.6 P12 10 1.3 Injecting air
each 5 minutes

066 71 4.6 N/A 5 2.2 Injecting air
each 10
minutes

067 Failed

068 Failed

069 71 4.6 N/A wW/O 2.2

070 71 4.6 P12 3x10 1.3

071 71 4.6 P12 3x10 1.3

072 71 4.6 P12 2x15 1.3

073 71 4.6 P12 3x15 1.3

074 71 4.6 P12 3x15 1.3

075 71 4.6 P12 2x20 1.3

076 71 4.6 P12 3x20 1.3

077 71 4.6 P12 20 1.3

078 71 4.6 P09 10 1.3

079 71 4.6 P09 2x10 1.3

080 71 4.6 P09 3x10 1.3

081 71 4.6 EX04 10 2.2

082 71 4.6 EX04 10 3.0

083 71 4.6 P07 5 1.3

084 71 4.6 P09 2 1.3

085 71 4.6 P12 2 1.3

086 71 4.6 P02 2 1.3

087 71 4.6 N/A W/O 1.3 At the end of
experiment C*
and C** were
measured

088 63 4.6 N/A W/O 1.3 At the end of
experiment C*
and C** were
measured

089 76 4.6 N/A W/O 1.3 At the end of
experiment C*
and C** were
measured

090 71 4.6 P12 5 1.3

091 71 4.6 P12 10 2.2

092 71 4.6 P12 5 2.2

093 71 4.6 EXO05 5 3.0
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3.6 Data Reduction

Consstency of the experimental procedure wa$ prime importance due to the
dominant influence of initial conditions on the subsequent depositio6aSQ. The
fouling process is characterized by the thermal resist8naethe fouling layer, which is
calcubted from the overall heat transfer coefficients at clean and fouling conditions as
follows,

_1 1 (3.1)
Rf Uf Uc

where U; and U, are the overall heat transfer coefficients at fouling and clean
conditions, respectively. The overall heat transtefficient U was calculated from the
following equation,

] (3.2)

A (Ts - Tbb)

whereTs is the temperaturat the inner surfacef the heated tub€ly, is the bulk
temperaturén the heated sectignh the inner surface area of the heated tubé Jais the
rate of heat transfer via the heated test tube which can be calculated from Hgwas.
calculatedrom the measuretlibewall temperature by the thermocoupbnd the distance
betweertheir positiors to theinner surface othetube S, by using Eq. 3.4Sis determined
by the Wilson plot method (Appendix C)Here onlythe left side thermocouple was
considered for the determination of heat transfer coefficidreg thermocouplen the right
hand side (seEigure3-7) wasinstalledonly to makesurethatthefouling layer inthetube
is sufficiently uniform. The relevant temperatures with respect tofthing layerand the
heaedtube are shown iRigure3-20.

& = e, (T,-T) (3.3)

w
VO &
Y [

cu g

(3.4)

In Eq. 33 r# is the mass flow ratep is the specific heat capacity of thaid andT,
andT; are the outlet and inlet temperatures of the flow from anth@oheatedsection
respectivelyTy, was obtained by averaging the two bulk thermocouple readiigs)dT,.
In Eqg. 3.4 is the inner diameter dhe tubeL the overall length ofhe heated sectioand
& | sthertmd eonductivityof the tube T,, was measured by the thermocoupl@he

37



Chapter3i Experimental Setup and Procedure

temperatureat the inner surface of the fouling lay&g,_;, i.e. near théluid, is determined
from,

Tei =Ta o - dR (35)

where Tg o is the temperatures of the outer surface of the fouling layeratibe
heated tubeywhichis equal tdls. 1] is the heat fluxcalculated from

_¢ (36)
A

After each experimentvhere deposibn has taken placethe heatedtube was
disassembled from the test rig and aredly Plotographs of the inner surface negaken
in order to see the fding layer in the head section. The photographs would help to
discern the texture and coverage of the deposit layer. Thereh&ééube waschemically
cleaned before using it for the next esment. The washing chemicals ne@anert such
that they did not react with the surface of the tub¥he repeatabilityof the performed
experimentshas been checked by repeatsayeralexperiments. It has been found from
the performed tests that thepeatabilityof the performed experiments varies betweégii
95% (definitionthe percentage of threpeatabilityis discussedh section 4.3.1.1)
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Figure3-20 Fouling layer position with respect to the heating element and the solution side

3.7 Probing of the Heterogeneou®epositLayer

Not only the measurement of fouling resistance waldterminehow effective the
projectiles were at any specified injection interval but the fouled surface was also
examined after each run to see hiv deposit wa developed. After each esqpment,the
inside of the tube was fully scannedy an endoscope cameaad a sketch ofthe area
covered by deposivas prepared Furthermorethe circumferential orientation of deposit
was detected Such information was useful, as will be exemplified dat® explain
discrepancies and contradictgin thereported results.
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3.8 Experimental Uncertainty and Error Analysis

Experimental errors consist of bias and precision errors, which determine the
uncertainty in the measured quantity. The knowledge of theertainty in a single
experiment is important as it helps in evaluating the results. The unce@astglated to
the bias erroB and the precision errd? for a 95% confidence by (Alanabi et al. 2009

and Figliola et al. 1991)

c=\[g?+P] S

The thermal resistand®and the resulting bias errBg are calculated from,

R:TS- Tb :E (38)
% d

o o 2 o 2 ° 2

8B.g _&4B,0 4B, 0 aB,§ (3.9)

&_0 = a8t 0

SRY TEq 8 "dord Tgpre

respectivelyB,, BrsandBry, are the bias error of the heat flgxsurface temperature
Ts and the bulk temperatur®, respectively. The precision err®z of the measured
thermal resistancR is calculated from the standard deviation of a set @bservations as

follows,

(3.10)

whereR is the average thermal resistance of ihebservations. For example, based
on experiment #022, the uncertainty at the beginning and at the end of the experiment is
determined. This experiment was chosen because it did nophaeetile injection and it
demonstrates a typical fouling process. The precision error is calculated based on 20
readings, i.en=20.

Given EQ.3.8 - Eqg. 3.11, it is obvious that the highest uncertainty occurs at the
beginning of the experiment becauke temperature differences are smallerT&ble 3-7
the calculated values are presented. Uncertainty for the heat transfer coefficient changes
from 2.73% at the beginning to 2.49% at the end of the experimdte f@n fouling
resistance the uncertainty is 2.08% at the end of the experiment. Uncertdity given
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only at the end, becauseis defined as zero at the beginning, hence its uncertainty would

be zero.
Table3-7 Calculated uncertainties for various variables
Bias error B Precision error P | UncertaintyC

Start End Start End Start End
Heat fluxéf [W/m2] + 2% + 2%
Surface tempTs[K] +0.4 +0.4
Bulk temp.T;, [K] +0.4 +0.4
I SF4 GN¥ya| 1013 22.5 72.15 17.37 273 | 2.49
[WK Yul Y8
Fouling resistanci 4.573E06 1.324E05 2.071
[M2K/W]
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4 EXPERIMENTAL RESULTS AND DISCUSSION

A total of 6 clean and 93 fouling runsere performedor forced convective heat
transfer to investigatehe performance of various projectildaring the precipitation of
CaSQ deposis. The accumulation of deposits dhe surface has continuously been
monitored by measuring the variatioh surfacetemperature with time. Both foulingtea
and induction time were used to evaluate éfifect of various projectiles on fouling
mitigation. For doing sotie variation of fouling resistancB;, as a function of time with
and without injection of projectitewas investigated

4.1 Heat Transfer at Non-Fouling Condition

4.1.1 Effect of velocity on surface temperature

A series of experiment&as performedto determinethe surface temperature tfe
tube as a function of fluid elocity and furnace temperature.Such experimentswith
demineralized watewere inperative in order tobtainthe surface temperatufeom which
thefouling resistanceould subsequentlye determinedrigure4-1 showsthat thesurface
temperature igprofoundly influenced by the fluidielocity. Becausethe heat transfer
coefficient is a function of the Reynolds numberit increase when the velocity is
increasd. Hence the surface temperature decreases witheasing flow velocityfor
constanfurnace temperature. For constant flow velocity, the surface temperature increases
with increasing furnace temperature.

110 | |

X Tf=1460"C
Tf=1400"C
90 ATf=1300°C

X
\ WTf=1200°C
80 A M ®Tf=1100°C
U \
° wy

100

Ry
70 ii
\ \r

50 —

60

40

0 0.5 1 15 2 25 3 3.5 4
Velocity m/s

Figure4-1 Surface emperaturevs. velocityfor different furnacetemperatures andthe bulk temperature of 40°C
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4.1.2 Effect of projectile movementon surface temperature andheat transfer rate

The hydrodynamic boundary layés momentarily agitateavhenthe projectilepasses
through thetube It is, therefae, alwayslikely that thesurfacetemperature anthe heat
flux will change even at clean conditiors. Furthermore the furnace temperaturewas
usuallyhigherthan D00°C, so ifprojectileinjection producs high fluctuatiors it may be
possible that an elated thermal stressaydeform thetube Apart from that, itmay cause
a nonruniform surface temperature whichvisry important inthis investigation Figure4-2
shows the effect of projectile injection on theaface temperature for projectile P@hich
was quite soft and spongylhe projectile has a nominal diameter of 21 mm wihsch%
larger than thetube inner diameter.The data were recorded every 0.5ltswas first
examinedor cleanconditions to discer if there is any improvement in heat transfer when
the projectile agitates the boundary layer. The heatdtuakfferent injectionantervalsi.e.
1inj./min and2 inj./min wasinvestigatedThe furnace and bulk temperatures were 1240°C
and 40°C respedately. It turned outhat fluctuationsof the surface temperature dbt
exceedt2 K for afluid velocity of 0.8 m/s which was theinimum velocity required for
the propulsion of projectilem this investigation.Heat transfer coefficient and heat flow
rate were calculated antie results arshownin Table4-1. To defineU. and0, Eq. 3.2
and Eqg. 3.3 were used, and0 werecalculatedfirom recorded datad(, T; and To) every
0.5 sduringa 20 minuteperiod thentheir averagenvasreported.Table4-1 confirms that
the clean heat transfer coefficiasthdes notchangesignificanty when PO1 is injectedn
Table4-1, the measuretl. without projectilehas beercompared witithe predictions of
some orrelations i.e. Otus-Boelter, SiederTate and Gnielinski correlation (Incropera
2006).Howeveras shownn Figure4-2, injections impact the surface temperature byK+2
but their effect orthe heat flux is lesshanwhat could bemeasured An underestimation
error of 27% with the SiedefTate correlation and 38% witihe Dittus-Boelter equation
was observedThis eror for Gnielinski orrelation was 24% overestimatioho calculate
the friction factorin the Gnielinski correlation the equation of Colebrook was used.
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Figure4-2 Effect ofprojectile POlon surface tenperature ofthe tube in the two positionswhere thermocouples are located
Bulk temperature 40°Cflow velocity 0.8 m/s, furnace emperature 1240°C

Table4-1 Variation of clean heat transfer coefficient aneat flow rate for different injection intervals of PO1

Bulk temperature 40°Cfurnace temperature1240°C

v(av.) U, U, U, Uc (av.) | 0 (av.)
(m/s) SiederTate Dittus-Boelter Gnielinski Measurel (W)
correlation correlation correlation 02 KY\u
02 KYui 02 KYui 02 KYul
W/O 0.815 5707 4870 9803 7873 3621.8
projectile
1inj./min | 0.814 - - 7969 3642.5
2inj./min | 0.826 - - 8051 3624.7

Figure4-3 shows thempactof injection ontheinlet and outletemperature Theinlet
bulk temperaturevas setto 40°C and injecton intervalswere every 1 and 2 minuteat
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cleanconditions Two types of fluctuations could be observed. Torgg term variations
are due to the cooling control system which triemtontain the bulk temperaturat a set
point. They were also observe without injections The sharp fluctuations awueto the
injections.These barpfluctuationsowing to the inlet andoutlet temperaturere clearcut
and could be discerned easier thantfiations inthe surface temperatur@he reasorior
thesesharp fluctuations ithat theprojectile before injection is located in a pipatside of
the normal circulation pathThe stationaryliquid inside this pipeis notcirculatedto the
supply tankand henceis not cookdto the set point bk temperature byhe cooling coil
This volumeof the flow in the pipe wa hotterthanthat inthe circulating flow Injectinga
projectile causethe hotterflow to enterinto the cycle andauses peakof about+1 K in
the measurednlet and outlet temperature as well asthe surface temperaturésee
Figure 4-2). For aninsulatedsystemthe maximumtempeature of the stationary liquid
would be equal tadhe outlet tempeature due to the last injection amgpendon the
velocity, e.g. 43.5°C fotow velocityv=0.8 m/s. But th@pipewas not insulatedn purpose
to cooldownto ambient temperatunantil the next injection takes placé was tried inthe
design ofthe testrig to reduce the length of this part aaminimum of 400 mm and a
volume 0f246 cn? (diameter of tube was 28 mniherecordedpeak due to thistationary
liquid was maximum +1°C for low velocitiesound 0.8 m/s
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Figure4-3 Effect ofprojectile PO1on the inlet and outlettemperatures
The lulk temperature 40°Cflow velocity 0.8 m/s,furnace temperature 1240°C

4.2 Fouling Runs without Projectiles

4.2.1 Fouling curvesfor different velocities

Fouling experimentswere initially performed without injecting projectiles under
different operatig conditionsto discern if the resultingindings were consistent with
previous investigationsThe results caralso be used to assess the performance of
projectiles under similar operating conditiofsgure4-4 shows thevariation of thefouling
resistanceor two velocities of 0.8 and 2.2 m/3he hulk temperaturas 40°C, surface
temperature and concentratiare 80°C an@®.8 g/L. As stated before, in this investigation
the tube diameterand theflow velocities are comparable withf those in industry. As it
can be seen for a higher velocity of 2.2 m/s, the rate of fouling is slower. Sudden and sharp
drops of fouling resistance can be explained by the flogar that caremo\e parts of the
fouling layer.Contrariwise, increase in fouling resistance is more difficult to expiain,
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may be due toincidental deposition of crystals on spots where the wall thermocouples
were embeddedoth occurrences can evidently be seen in this figdosever filterwas

used in the systepbut this means detached partictes settle on the surface beforeyth

exit fromtheheatedsection anatould becaughtby the filter.
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Figure4-4 Fouling resistance vs. time for differs velocities without injecting projectiles
Bulk temperature 40°Csurface temperatureB0°Cand concentration3.8g/L

4.2.2 Fouling curve for different concentrations

Figure 4-5 shows the variation of fouling resistancvs. time for different
concentrations of CaS0The hulk temperatures 40°C the flow welocity andsurface
temperaturare 0.8 m/s an80°C. At a concentration of 5.@/L, foulingwasso severe that
the test had to be terminated aftedty approximately0.5 hr to avoidtubeburrrout. With
this concentration, no induction time watsservedand the fouling ratevashigh. The runs
with concentrations of 3.§/L show no fouling during the time exposure ohrs. At a
concentration of 4.@/L, the fouling restance starts to rise after one hourirmfuction
time.
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Figure4-5 Fouling resistance for different concentrations without injecting projectle
Bulk temperature 40°Cflow velocity 0.8 m/s,surface tempeature 80°C

4.3 Fouling Runs with Projectile Injection
4.3.1 Impact of projectile injection on cleaning

4.3.1.1 Effect of injection intervals

The firstinvestigated projectiléor fouling mitigation was PO1. It consisted spongy
material and wagjuite soft. Each projecél hada nominal diameter of 21 mm. The
injection intervals were every 2, 5 and 30 minutEgyure 4-6 presentsthe fouling
resistance without and with injecti@s a function of timeThe kulk temperatures 40°C.
Even thougtsmaller injection interva providedbetter efficiency, théubecannot be kept
entirely free from deposit even with an intehof only two minutes. In this case, the
fouling resistance is reduced to abounkthird of the value without injectionhe curves
are close togetherand injection intervalsdo not have a significant effecBince the
projectile is very softfor all cases only little removalof the depositayer hasccurred
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Figure4-6 Foulingcurves forprojectile PO1with different injection intervals
Bulk temperature 40°Cflow velocity 0.8 m/s,surface temperature 80°@oncentration 3.8 g/L

For projectile P02, the injection intervals are onechipn every 2, 5, 10, 15 and 30
minutes. The fouling resistances are showhigure4-7. Up to an interval of 1 inj./10 min
the fouling resistance remains below 0.0002 m2K/W during the run. For less frequent
injections, fouling can only be mitigated a few times, but after that, the fouling layer starts
to grow. Surprisingly, the efficiency of fouling mitigation is better with one injection every
30 min when compared to one every 15 min. Experiments with longetion intervals
e.g. every 15 and 30 mimad poor repeatability Hence forlong intervalsthe effect of
cleaning by projectilesliminishesand othermechanisms takever to make the results
more unpredictablerigure4-7 indicates that 1 inj./10 min would be an optimum interval
to keep the tubeat an acceptable level of cleanlines®out one fifth of that without
injection. Considering that injection decreases the fouling resissustantially the size
of the heat exchanger would also be smaller for the constrycheoause the heat
exchanger is designed based on a higher overall heat transfer coefficient (See also
Appendix A). This series of experiment proved that induction time (the time bbfere
fouling resistancestarts torise substantially is shorter with injection. This will be
explained in section 4.4 in detail.
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Figure4-7 Effect of P02 on cleaningith different injection intervals
Bulk temperature 40°Cflow velocity 0.8 m/s,surface temperature 80°@oncentration 3.8 g/L

Therepeatabilityof the performedxperiments has been checkmsdrepeatinghemin
randommannerespecially for dubious resultRepeatabilityabove75% is quite acceptable
for experiments of such natureigure4-8 is an exampldor the repeatabilityof PO2with
injectionin 2 minute intervad. As indicated in tis figure, thedata are more reproducitée
the early stageof the experiment whilat the endarge variationbecomesobvious The
biggest ifferencewas observedor the asymptotic period0.00005 nfK/W for the first
experiment and 0.@09 nfK/W for the second experiménCompared t¢he maximum
reportedfouling resistancén this series of experimen{8.0009 m?K/W), a repeatabilityof
95% for PO2is considered
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Figure4-8 Repeatabilitytest for PO2with injection interval of 5 min
Bulk temperature 40°Cflow velocity 0.8 m/s,surface temperature 80°@oncentration 3.8 g/L

4.3.1.2 Effect of projectile type

In addition to the comparison pfojedile performanceat different injection intervals,
the effectiveness of various projectilass also beeninvestigated Figure 4-9 presents
similar resuls for the same operating conditions bior four differentprojectiles The kulk
temperaturavas40°C, velocity, surface temperature and concentratvene0.8 m/s, 80°C
and 3.8 g/L respectively The injection intervawas each 5 minute$?01 and P02 we
sphericalspongetype projectileswith a diameer bigger tlan that ofthe tube hencethey
could be deformedand then passeasily P02 was harder and bigger than PQ%ee
Table 3-2). The results show that P02 plays a bettex irokeeping the surface cledman
PO1. EX06 and POdererubber typeprojectiles and stiffer than PO1 and P02. Their sizes
fit loosely into the tube with a clearancef just0.1 mm A loose projectilaneans that it
does not have anfyrm contact withthe tube The surface of EXO@&asribbedandthat of
P04 wassmooth. Agt can beseen bothdid not have anympact on cleaning the surface
Instead they even worsened fouling for the [e&&6 hrs when ampared withthe curvefor
no-injection. It seemghatcrystalnucleationis acceleratd whenP04 and ExO4vere used
This excitementcould bedue to either scratcbn the surface bythe projectile or air
bubblesthat could not bdully avoided to enter iot the system whethe projectile is
injected.In sections 4.4.4 and 5.31 this pomtl be discussed in detailOverall,the soft
sponge balls perform much better thanhbedrubberprojectiles
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Figure4-9 Comparison of various projectiles on cleanifgy the sameinjection interval of 5 min
Bulk temperature 40°Cflow velocity 0.8 m/s,surface temperature 80°@oncentration 3.8 g/L

Figure 4-10 comparesthe performance ofseveral other projectiles again for an
injection interval of 5 min The kulk temperature is 40°@Gnd the elocity, surface
temperature and concentratiovere 1.3 m/s, 71°C and 4.6 g/L respectively For the
investigatedorojectiles, he cleaing performanceof P06 is the besfollowed byP12. P12
is a hard projectile but P06 isoft. P12 exerts muchoreshear orthe tubethan P06 but
the cleaningesultsfor PO6arebetterthanfor P12 This meanghatother parametersike
contact area gbrojectile mayhaveanimpacton the cleaningefficiencyas well This will
be explainedin more detailsin the following sectionsThe diameter ofP11 matches
exactly the tubénnerdiameter Thus a poor performance is expected as can be seen in this
figure because opoor contact between the surface and the projedtile resultsshow
that P11even facilitate fouling such that for the first 4 hrs the fouling resistancevin
higher than that of no injection It seens that despite the poor contachucleation
excitement is unavoidabl®04fits loosdy into the tubewith a clearancef 0.1 mm and
performs worse than P110ne important conclusion from this figure is thia magnitude
of exertedshear force iglecisivefor an efficient cleaning. Nevitreless if the projectile
produca significant shearbut the contactireais not enoughthen it may compact the
depositfurther and instead enhandeuling. There is a sudden drop in fouling resistance
for P12 after about 2.75 hrsSuchdropswould be conmon for hardprojectiles because
they have the potency of stickinghich may producea thermal shockA short time
stickingproducesa short time overheatingo the differert thermal expansiobetween the
tube and the deposit layarsay cause the depoddyersto crackand be separated from the
surface After every short time stickingmany deposit particles were observed in
transparensection
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Figure4-10 Comparison of various projectiles on cleanifgr the same injection interval
Bulk temperature 40°Cflow velocity 1.3 m/s, surface temperature/ 1°C, concentratior.6 g/L, injection interval of 5

minutes)

Figure4-11 and Figure4-12 showthe performance ofoose projectilesP04 and P11
individually, with differentinjection intervalsThe diametesof PO4and P1lare19.8mm
and20.0mm. Like the previousruns, the bulk temperatureavas 40°Cand \elocity, surface
temperature and concentratimere 1.3 m/s, 71°C and 4.6 g/L. Injection intervals were 5
and 10 minutes. &t only the projectiledid not clean théube but alsothey acceleated
the deposit formationin the first hours It seemsthat nucleation accelerates the
crystallization for PO4 an&®11 This could be due to either scraton the surface or air
bubblesthat will be investigated in sections 4.4.4 and 5.Blwas alsoobervedfor an
injection interval of 10 minthatprojectilesgot stuckwhentheyencountered thdeposit in
thetube Sticking is obviously an importamroblem inprojectile systenprocesses
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Figure4-11 Impactof P04 onfouling resistanceor different injection intervals
Bulk temperature 40°Cflow velocity 1.3 m/s, surface temperature 717€oncentration 4.6 g/L
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Figure4-12 Impactof P11 onfouling resistancefor different injection intervals
Bulk temperature 40°Cflow velocity 1.3 m/s, surface temperature 717€oncentration 4.6 g/L
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4.3.1.3 Performanceof hard projectiles

Figure 4-13 indicatesthat for the hard pojectiles sometimedong injection intervas
havenegativeconsequences on cleanirkpr these experimentd)d bulk temperature was
40°C and velocity, surface temperature and concentration were 1.3 m/s, 71°C,.4.6 g/L
Injections were every 5, 10 and tn andthere was a ruwithout injection.For example
aninjection interval of 5 minutesprovides a relativelygood cleaning performancehile
for 10 and 15 minutes the results are totally different iaclitate even worse deposit
formation It meansthat long intervalssuchas 10 or 15 minuteare insufficientfor
cleaningbecausedhe presence ofir bubblesfrom theinjections and mape the deposit
residues left on theurfaceafter theprevious injectionintensify nucleationand hence
depositgrowth These phenomena will be explainedhie nextsectiorsin detail.
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Figure4-13 Effect of P12 on cleaninfpr different injection intervals
The hulk temperature 40°Cflow velocity 1.3 m/s, surface temperature 71;€oncentration 4.6 g/L

4.3.1.4 Effect of extra-large and soft projectiles

An experiment waperformedwith projectile PO5, whicls hollow with a diameterof
24.0 mm (20% bigger thatie inner diameter othe tubg. The operating conditions for
this experiment are listed ifable4-2:
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Table4-2 Operating conditiors for experiment No. 039

Parameters Range
Bulk temperature 40 °C
Velocity 0.8 m/s
Surface temperature 80°C
Concentration ofaSg@ 469/L
Inside diameter of tube 20.0 mm
Length of heatd section 28 cm
Projectile interval 1linj./5min
Diameter of projectile 24mm
Temperature of furnace 1200°C
Type of Projectile P05

This projectile had the biggest diameter whichs beerinvestigatedin this study
Insertion of the projectile inthe tube was difficult, but it passed very well even with a
small flow rate of 0.8 m/s.Without heating thdube this was checkedeveral timesto
make surehatthe projectile would nogetstuck anywhere in the rigFor the fouling run,
the concentration offaSQ was 46 g/L. Figure 4-14 presents the resulg fouling
resistances as a function of tiffee an injection interval of 5 minThe ceposit formation
startedjust after 20 minutesnto theinduction time Thedeposit proceswas fastenough
to reacha fouling resistanceof 0.0001 MK/W just in 5 minutes.Nonethelesseach
injection was successful to clean tiieto near zerdouling resistancegain. It seemed
that injections werevery effective to produce aigh shearforce for removing a large

amount of deposit from thebe
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Figure4-14 Effect of mitigation in each 5 minutes interval
Bulk temperature 40°Cflow velocity 0.8 m/s, surface temperature 80C,concentration 4.6 g/l.Projectile PG

The experiment did not last for a long time, since after @sand 15 minutes the
velocity started to fluctuate during the injection, as showFfigure 4-15. Possibly, the

inner surface of the tube was not smooth any more due to some deposit. This secondary
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roughness prtuced a strong friction between the tube and the projectile, to the extent that
the projectile got stuck inside the tube. The temporary sticking, in turn, disturbed the flow
control system and caused fluctuation. The projectile stuck in the tube twicdirdthe
sticking lasted about 30 seconds before the projectile released itself. The second sticking
lasted for more than 2 minutehen again the projectile was released when the flow rate
was momentarily increased. Thereafter, the experiment was terchiltateng tresetwo

minutes blockage the temperature of tube reached 850°CFigee 4-15) and thus the

tube was deformed. When the door of the furnace was opened, it was found that the outer
surface of the tubbad turned black where the projectile got stlkigure4-16 shows the

place where the projectile had been stu€lgure4-17 shows the location of deformation.
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Figure 4-15 Variation of operating conditions that led teéhe shutdown of the rig when POgot stuck in thetube
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Figure4-16 Thelocation where the projectik got stuck andthe tube turned black

Figure4-17 Thel5mmtube deformation in middle of the heated section

This experimenshows thata largebut soft projectilemayalsohave ashort lifetime.To
avoid that the projectile getsstuck requiresa balance betweesize and softnessA large
projectile should bsoft enoughto passthroughthe tubg althoughit camot lastfor more
than a expectedime due to thdargedeformation In other wordst would beextremely
under stress and would be damagBausprojectiles are dividethto two groupsi.e.those
which getstuck in the tube andthosewith short lifetime.It seems very largerojectiles
that canpass througlthe tube aredefined asvery soft with ashort lifetime even though
they cancleanacceptably As it can be seein Figure4-18, it seems that projectile was
strongly under stress duritigejust 28 injections.

e ——

Figure4-18 Torn PO5projectile after being stuck and released
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4.3.2 Compaction phenomenon

During the experiments with EX06 and P04 some risese noted in tube wall
temperatureimmediately after each injectioigure 4-19 shows thesesudden rises of
temperaturen theleft and right sides. Black arrowsdicate when the projectile injection
takes placeand the red arrows showhe rising of temperatur& heseresultsindicatethat
these projectiledid na improvecleaningbutinstead the fouling resistanaereasedfter
severalinjectiors. When thetubewas opened and scanned, tegtureof the deposit was
very hard and glassyThis implied that the ompacteddepositwas sintered ahigh
temperaturef more than 85C (for more information about sintering see secti@¥}.As
the projectile wa hard it pressd the deposit oto the surfaceThus if the depositvas
porousbefore injectionit then gets compact and sinteradter injection The compacted
layer would havea higherthermalresistance against hea&nsfer because¢he molecular
density ofthe deposit ishigher and while the layer gets thinnethe flow cannotpass
throughthe porous layeranymoreand eventudyy losescontact with the surface of tube
Figure 4-20(a) shows projectile EX06 which has a OQiim clearance tdhe tube The
experiment showshat this clearane of hard projectiles intensifies compactiarhis
phenomenon was confirmed agéim a hard projectile witha diameter exaty the inner
diamder ofthetube(P11) Figure4-20(b) showsschematicallyhow the injection mayturn
aporousdepositin to ahighly compactedne
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Figure4-19 Increasesn the tube walltemperature for the left and right thermocouples after each injectioaf P04
Bulk temperature 40°Cflow velocity 0.8 m/s, surface temperature 80°C, concentration 3.8 g/L
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Figure4-20(a) 0.1mm clearancebetween EXO6andthe tube. (b) schematic illustration ofcompacteddepositby hard
projectiles

4.3.3 Cleaning actionof projectiles ininitiation , transition and asymptotic phases

Based ommany investigationandobservatios, the deposit formatiomand mitigation
by projectileinjectionincluded threesteps. The criterion for recognizing theseéefs is the
behavior of thdouling resistancelhese steps are:

1 [Initiation stageor induction time no observatiorof depositand zero fouling
resistance

1 Transientstage with the maximum deposiin rate andmaybe simultaneously
maximum cleaningof projectiles. The deposit is primarily soft and the
mitigation bythe projectiles is more effective.

1 Asymptotic stage deposit formation and mitigation of projéetare in the
same ratehence the duling resistance remarconstant tillthe end of the
experiment

These stageare $iownin Figure4-21 andwere commorty observedn the majority
of the attemptedexperiments. Inthe initial stageor induction time no fouling was
observed.
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Figure4-21 Threestageof cleaning actions; induction, tragition andasymptotic

Bulk temperature 40°Cflow velocity 0.8 m/s, surface temperature 80°C, concentration 3.8,d?tojectile P02

During thetransient sige the maximumdepositionrate occursasthe data showthe
maximum increase in fouling resistaneg time.Though the rate of fouling is higlthe
deposit imeverthelessrystalline(seeFigure4-22(a)) andhence thenaximum cleanindpy
projectilestakes placeFigure 4-22 showsthe crosssection ofthe deposit layer inthe
transientstage The differere in deposit structureetweenflow and wall sids indicates
that the structure of deposiin the flow side iscrystalline and soft and thus may be
removedeasierby the projectils. Thusthe effects of cleaningreexpectedo be stonger
and because of crystalline textwkthe surface the formation rate of deposit &@sohigh.
Somdimes at thetransientstage(for exampletransent stagein Figure4-21), anincreag
of 1.8 K/min was recordedy the left and right thermocaqules It could bedetermined
from Figure4-22 thatthe thickness of deposit & out800um. The ransientstageis very
critical, sinee there are twopossibilities with respect tothe cleaning action ofhe
projectiles. 1 the shearexertedby the projectiles islarge enoughto dislodgea bigpart of
the deposithenit keeps the fouling resistaneery low (like P02 in Figure4-9 and P6
and A2 in Figure 4-10). Contrariwiseif the shear forceis not large enough then the
majority of the deposistays on thetube after eachinjection. After a while when its
compressed and sintergidirtherinjectionhas no big effect on removing adgposit from
the surfacelt may also happetiattheinvestigatedgrojectileproduces the right amount of
shearbut the injection interval igoo long (seeFigure 4-21, injection in 10 and 15 min
intervalg thus an appaciable cleaning would not talgace in comparisorto injection in
2 and 5 minintervalsin Figure4-21.

At the laststage thefouling rateand cleaningatebecome equandthe foulingcurve
reaches an asymptotdenceno furthermitigation takes placef additional injections are
performed The reasorior the asymptotichehaviormay be explained by sinterings will
be elucidatedn section4.4. Basedon the magnitudeof fouling resistancethe asymptotic
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stagecan eitherbe suitable or nossuitable For a well-selectedprojectile with proper
injection intervals, the fouling resistancetims period is low and coulgrovidea suitable
asymptotic Contrariwise, for a projectile with poor cleaimg action even if theinjection
interval isshort the fouling resistance istill high which is termed heresanonsuitable
asymptoe. In Figure 4-21 two data setsof sutable and nomrsuitable asymptoticare
presented For these experiments some partstieé deposit layer were extracted and
analyzed The thickness ofthe deposit layer was much lower for tloata specified as
suitable asymptotic Figure 4-22(b) shows the cross section of deposi & typical
asymptoticperiod. It could be observetthat it is sintered and hard.hls could be the
reasonwhy injectionis not effectiveanymorein this period As the buling resistance has a
direct relationto the thickness of deposa,thin depositresuls in a suitableasymptotic
value Thicker layes correspond to larger foulingesistance and are considereds non
suitableasymptogs In this seriesof experiments thicknessof 500 um is recognizedasa

i n esuitable asymptoed and of 200 um ast h suitable asymptoed 200 pm is thin
enough to keeghe fouling resistancbelow 0.000L m*K/W. This value is 90% lesthan
the fouling resistance withouthe use of projectiles. For the norsuitable asymptott
behaviorinjection reducedhe fouling resistanceao only 50% comparedo the operation
without injection.Figure 4-23 showsschematicallythe difference ofuitableasymptotic
and norsuitableasymptoticfouling.

Tube Side v IS F T Vi X Tube Side
(heating surface ) e SE Ssi it (heating surface )

200 pm

Robust - non
porous structure

} Robust — non

Crystalline porous structure

porous structure

Solution Side / Solution Side

! 20pum

10 pm

.

Crystalline structure Robust structure

(a) (b)

Figure4-22 (a) Crystalline layer ihe transition period, (b) Sintered layer ithe asymptoticperiod
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Figure4-23 Schematics ofa) suitable asynptotic (b) nonsuitable asymptoticfouling layer

4.3.4 Influence of sintering on the cleaning action of projectiles

The variation of fouling resistanck;, as a function of time with and without injection
of the projectilsis shown inFigure4-24(a). The projectileP12has been injected every 15
minutes, the CaS{xoncentration has been adjusted tog/l6and the flow velocity was
1.3 m/s. The fouling experimenasted approximately 6.5 h The fouling resistance
increasedcontinuouslyin casewithout projectile injection, but many investigations have
established that it should reach an asympi@eyghambarzadeh et al. 201Rgvertheless
here the experiment tdato be terminated as the surface temperature exceeded a set
temperature abovehich the run could not be continued for safety reaséfith injecting
a projectile, an asymptotic level has been approached after approximatalyob h
operation, as can be seerFigure4-24(a). The final asymptotic resistaneath injecting a
projectile is 0.00043n°K/W. However, the fouling resistanaeithout injection reached
0.0008 MK/W after 6.5 In of operation and was still increasinge. the asymptotic
behavig is not approactd yetandthe final asymptotic resistaneathout injectionwould
be much higher thanwhen projectileswere injected The resultsindicate that using
projectiles accelerates the fouling process suchttieaasymptotic behavias approached
quickly but the final asymptotic resistance is much lower than in wak®ut injection. In
case of injection, thenduction timeis decreased from 2 hr and 50 min to just 50 min when
injecting the projectile every 15 min.

The fouling resistancevithout injection increass continuou$y in the investigated
time. In case of projectile injection, it is intermittent and fluctuating due to the removal of
same parts of the fouling layer by the injected projextiide fouling resistance decreases
as soon as a projectileirgected and then increasagainwith time, i.e. the fouling layer
builds up. The discontinuity and the size of fluctuation in the fouling resistance are quite
noticeable at the early stage of fouling and decrease withuitiethey arediminished
when an asymptote is reached. Furthermore, the intermittehdbe fouling resistance
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coincides with the time of injection, and there are four intermittences per hour which is in
agreement with the injection rate, i.e. 1 injection every 15 minutes. It cambkided that

the projectile is capable of removing parts of the fouling layer at the early stage of the
fouling process, and this capability decreases as the fouling layer builds up such that the
projectile is not effective anymore when the asymptotiores approached. Furthermore,

the removal efficiency of the injected projectile is a function of the fouling layer structure.

The fouling resistance at point (A), as indicatedrigure 4-24(a), is 2x10" m?K/W,
then decreased to approximately 110°K/W, i.e. point (B) after injecting the projectile.
The decrease in the fouling resistance from (A) to (B) is about 50%. The fouling resistance
is also equal taVay, wherel and ay are the thickness and thermanductivity of the
fouling layer respectively. The change in the thermal conductigtgf the fouling layer
from (A) to (B) maybe assumed negligible, i@~ constant, due to threegligiblechanges
in the fouling layerstructure in that short pericaf time. Therefore, it can be concluded
that the decrease in tiieuling layerthermal resistance from (A) to (B) by 50% is mainly
due to the decrease fauling layerthickness, which implies how powerful the cleaning
effect of the injected projectilis at the early stage of the fouling process. A large amount
of CaSQ materialmay also stick to the sponge ball due to the removal of particles from
the fouling layer. This, in turn, requires opening the systems and washing of the balls to
remove sedimentdm time to time stheycan be used further.

The temperatureat the outer surface of the fouling layéi;,_ o, i.e. near the heated
tube andatthe inner surfacelg;, i.e. near the solution side, are showrrigure 4-24(b).
If the outer surface temperature of toailing layer becomes higher than the minimum
sintering temperature (MSTAI-Otoom et al. 200Q)then sintering takes place. Sintering
changes the fouling layer structure from a poroystalline structre to a robust and nen
porous structure. The minimum sintering temperature is usually far below the melting
point of the fouling layer materigBkrifvars et al. 1992 and Kuczynski et al. 1948)d it
ranges from 2/3 to 4/5 of the melting point of thea@ned materiglProduction sintering
practices,ASM Handbook) The developing fouling layer inside the heating tube is
calcium sulphate dihydrai@ansal et al. 2008)hich has a melting point of about 128
(Alfa Aesar 2012. Therefore, it can be conded that the MST for CaSQH,0 ranges
from 85 to 102C depending on the purity of the material. The range for the minimum
sintering temperature is indicated iRigure 4-24(b). It can be concluded from
Figure 4-24(b), that the inner surface of thieuling layershould be in a crystalline form
during the whole experiment, sintg_; < MST. However, the outer surface should change
from a crystalline structure at the begmgiof the experiment, sincB- , < MST, to a
robust and a hard structure at the end of the experiment, b&¢aydecomes greater than
the MST. Samples of thiouling layer are taken for analysis using scanning electron
microsopy (SEM). The first samp is taken after 3 hr of operation and the second sample
at the end of the fouling experiment, as indicateBigure4-24(a). While the first sample
is taken from a fouling experiment that has lasted for 3 hr, the second sample is taken
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when the same experiment was rapddill the asymptotic behavias approached SEM
Images of the samples are showirigure4-25 andFigure4-26.
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Figure4-24 Fouling resistance (a) ahsurface temperature (b) vdime with injection (P12)and no injection
Bulk temperature 40°Cflow velocity 1.3 m/s, surface temperature 71°C, concentration 4.6,d@tojectile P12
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Figure4-25 SEM images afst sample tken after 3hours of operation (a)top view (b) cross section (c) bottom view

It can be concluded from the 1st sample taken thataihleng layernear the heating
surface has a robust and Aporous structure while theuling layernear thesolutionside
is crystalline and porous, asnche seen irFigure 4-25. The surface temperature of the
fouling layer near the heated surface is °@BQ@hat is well above the MST, therefore
sintering of the layer has taken place. Neverthetbésssurface temperature of tfailing
layer near the solution side is 83, which is below the MSTand thus not prone to
sintering. The degree of sintering across the fouling layer is decreasing from top to bottom,
i.e. from the tube side to the solution side, due to the temperature gradient across the layer.
Sintering has startedt the top of the fouling layer, near the heating element where the
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temperature of the layer is higher than the MST, and it has spread across the layer. The
porous structure of thimuling layernear the solution side assists the removairgstals

by theinjected projetiles. It can be seen frorRigure 4-26 (b) that the structure of the
fouling layerof the 2 samplehasa nonporous structure, with a highly sintered structure
near the tube side and less sinteaeéthe solutionside. The change in the fouling layer
structure from porous to a ngorous hard structure stops the projectile from eroding the
layer.
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Figure4-26 SEM image of 2nd sample taken at thgperiment, (a) top view, (b) cross section (c) bottom view
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The behavio of the fouling resistance and the temperature of the outer surface of the
fouling layer asa function of the injection intervalare shown inFigure 4-27. The
injection intervalshave been varied between 1 injection every 10 and 15 nsnlitean be
seen that the fouling process consists of three consecutive stafyesgion time fouling,
andfinally the asymptotic behawvioln the second stagde fouling layer is developing but
at the same time there is a cleaning process taking place due to the injected grojectile
which arethe reason behind the discontinuity in the curves. The discontinuity in fouling
resistancevith 1 injection every 10 nmutes ismuch higher than in case ofifj./15 min,
and that is due to the increased removal of deposits with the increased injeetioal
However, the discontinuity decreases as the fouling layer develops, which indicates less
removal ofcrystalsuntl it ceases when the asymptotic level is approached. The range of
the minimum sintering temperature is also showiigure 4-27(b). It can be concluded
from the minimum sintering temperature that sintering lesiwed across the FL. In the
third stage, i.e. the asymptotic behayithe fouling layer becomes hard such that projectile
IS not capable of removing any partictag of the fouling layer. Thesgmptotic resistance
with 1 injection every 10 minutes is.3x10%* m?K/W, while in case of 1inj./15 min is

4.5x10" m*K/W.
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Figure4-27 Fouling resistance (a) and outer surface temperatyly as functionof the projectile injection interval

A schematic diagram of the fouling process durimdine cleaning, i.e. by injecting
projectiles in regularintervals is depicted irFigure 4-28. During the fouling process two
mechanisms are simultaneouskcuring but opposing each other. The first mechanism is
the development of a crystalline fouling layer near theetshrface, and the second
mechanism is the removal ofaterialfrom the porouscrystalline layer near the solution
due to projectiles, as shownhingure4-28(a) and(b). If the removal rate is slow enough to
allow building up of the fouling layer, as in the case of one injection every 15 minutes or
no injection at all, se&igure 4-24, then a thick fouling layewith a very high surface
temperatureTs will result. The ouér surface temperature of the fouling layer, Tg.
increases as the fouling layer develops due to the incrddsddhe temperature of the
outer surfacd of thefouling layer, i.e. near the heated surface is the highest temperature
across the foulindayer, while the temperature of the inner surfdeg; of the fouling
layer, i.e. near the solution side, is the minimum temperature. If the fouling layer
temperature becomes higher than the MST sintering takes place, which changes the layer
from a fragie, crystalline and porous structure to a hard and non porous structure.
Sintering prevents the projectiles to remove depésita thefouling layer Sintering starts
near the heating element side and spreads across the layer, as shigured28(c). The
rate of sintering is a function of the heating temperature and (is¢ic, 1979) If the
sintering rate is faster than the removal rate then hardening of the layer will be faster than
the cleaning action of the projectile, leading to akér fouling layer. If the removal rate is
faster than the sintering rate then a very thin fouling lesyexpected as in the case of one
injection every 10 min. The change in the fouling layer structure from a porous crystalline
structure to a noeporows and robust structure due to sintering is the main cause for
impeding the cleaning action of projectiles. Developing of new crystalstbgdouling
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layeris greatly reduced once the whole layas sintered completely as hmsesen explained
recently by Bawy et al(2010) whichalsoleadsto anthe asymptotic behavi@s depicted

in Figure4-28(d). Injecting a projectile removes the porous crystalline structure at the top

of the fouling layer until the sinteredlayer at the bottom of thdouling layer is
approached. Therefore, it can be concluded that the speed to reach a totally sintered layer is
dependent on the injection intervédjecting a projectile accelerates the process to reach a
totally sinteredfouling layer andhence toreachasymptotic behaviorFurthermore, the
success of injecting projectiles mitigating fouling is highly dependent on the early stage

of scale formation, especially the induction time. The influence of injected projectiles on
the induction time will be the next stage of this investigation.

/Heaﬁng surface at T; < MST /Heating surface at Ts < MST
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Sintered layer

Figure4-28 Development of the fouling layer duringnline cleaning using projectiles

4.4 Impact of Projectile Injection on the Induction Time

Several experiments have been performed to investigateinipact of projectile
injection on the induction timgIT) at different flow velocities The development of
fouling resistanceR; with and without projectiles is shown inFigure 4-29. The flow
velocity was 2.2 m/s and the injectiomterval is one projectile every 10 min. The
induction timewithout injection of projectils is 2.05 h, but with projectiteit is 0.65 h
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which isa reductionby approximatelya factor of threeThe dscontinuity inthe fouling
resistancavith injection is due to the cleaning action of the projestile. partial removal

of deposits from the fouling layer. The discontinuity and the sizhefluctuatiors in
fouling resistance are quite noticeabldlee early stage of fouling and decrease with time
until they diminishto zero wherasymptotic foulingis approached. The final asymptotic
fouling resistance igeached after3.5 h with projectilg, but without injection, the
asymptotic fouling resistaneeas not approached even after 5 h of operation.
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Figure4-29 Comparison of fouling resistance withnd w/o projectiles (P12)versus time
Bulk temperature 40°C injection intervalevery 10 min, flow veleity 2.2 m/s surface temperature 71°@oncentration
4.6 g/L

Figure 4-29 also confirms that injecting a projectile expedites thigéial fouling
process, i.e. the fouling process starts early and the asympdtaviour is reached
quickly though it is much lower compared to tiathoutinjection. Ths figure al® shows
that the fouling resistandg becomes slightly negative during theduction time This
behavio has been observed amneportedby many reseahers, e.g. Bansal et al. (2008),
Fahminia et al. (2005) and Albert et al. (2009). Only few crystals of Ca&formed on
the surface during thi@duction timeof crystallization fouling, as lsbeen visualized and
shown by Kim et al. (2002). These crystaause turbulence in the fluid boundary layer
near the heat transfer surface which would in turn improve the local heat transfes, as ha
been explained by Crittenden and Aldermann (1988). The enhancement in the local heat
transfer by the primary deposgitecrystals, overides the heat transfer resistance of the
scale only during thenduction time which results in a negatieuling resistance.

Due to the sensitivity of the performed experiments, tépeatability of these
experiments has been checkedrbpeating the experiments. The repetition of the first
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experiment performed, which has been shownFigure 4-29 without injection of
projectiles, is presented irFigure 4-30. The induction time in the first experiment is
approximately2.0 h and in the repeated experimerdapproximatelyl.8 h, which is about

0.2 h (2 min), i.e. D % difference. It has been found from the performed tests that the
repeatability of the peformed experiments varies betweeni 83% which is quite
acceptable for experiments of such nature.
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Figure4-30 Repetition of the experimenpresentedin Figure4-29
Bulk temperature 40°C flow velocity 2.2 m/s surface temperature 71°C, concentration 4.6 gfig projectiles

The aboveexperiment has been repeated but for other flow velocities, i.e. 0.8 m/s, 2.2
m/s and 3 m/s. The development of fouling resistance asctidorof the flow velocity
with andwithout projectiles is demonstrated ifrigure 4-31. The induction timewithout
projectile injectionincreases with the flow velocity, which is in agreement with the work
of Kim et al. (2003) and Yang et al. (2002). The fouling diRédt, which is defined as the
slope of thefouling resistance cwe inthe progressive region of fouling, is depicted on the
upper right corner ofFigure4-31(a) as a function of the flow velocity. It confirms that the
fouling rate decreases with the flow velocity highlightitht the fouling process is a
reactioncontrolled process otherwise the higher flow velocity would have resulted in a
higher fouling rate for a mass transtemtrolled fouling process. This is in agreement with
the findings of Konak (1974).

The net rateof fouling is the difference between the deposition and removal rates.
Deposited crystals can be removed from the fouling layer byflthe shear stress.
Increasing the flow velocity, increases the shear forces on the deposited crystals, and
consequentlyncreases the removal rate. Increasing the removal rateysthlsdelays the
fouling process and increases the time needed for the fouling process to start up in a
substantial way. However, the induction timeth injection of projectiles is almost
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consant, i.e. independent of the flow velocity, as can be sedfigare 4-31(b). This
implies that the influence of the flow velocity is dominated by the injected projectile as
long as the injection rate is constant. The induction tinextiactedrom the previous set

of experiments, and plotted agumction of the flow elocityin Figure4-32. The induction

time is linearly proportional to the flow velocityithout injection, and it is almost
independent of the flow velocitfprojectiles are passed through the tube
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Figure4-31 Fouling resistance versus time as a function of the flow velocity
(a) without and (b) with projectile (P12) injection every 10 min
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Figure4-32 Inductiontime versus flow velocity with and w/@rojectiles (P12)

4.4.1 Injection after induction time

It can be concluded from the experimentsection 4 that it is highly recommended
to inject projectiles only after th@duction time This makes useof the longr induction
time without injection This strategy of operation, i.e. injecting projectiles at the end of the
induction time could be taken as a new operational criterion for mitigating fouling using
projectiles. A new experiment has been parfed to examine this strategy of operation,
such thathe projectiles wereinjected at the end of theduction time The development of
the fouling resistance in case ofwvjthout injection, ii) injectingprojectiles from the
beginning of theoperationand iii) injecting projectils at the end of thenduction time
which is recorded in case i. The resudte shown inFigure 4-33. The flow velocity &
2.2 m/s and the injection intervalas one projectile every 10 min. The final asymptotic
resistancavith injecting projectile from the beginning of operatiqease ii)was similar to
the asymptotic resistance in case oeatijng projectils at the end of thénduction time
(case iii) i.e. 0.00027 FK/W but the induction time has been prolonged from 2.08 h
case ito 2.8 h in caséi, and decreased to 0.65 h in casas can be seen kgure4-33.
It can be concluded that theduction timehas increased by 36 % in case of injecting
projectiles at the end of thaduction time(2.05 h)and decreased by 68.3 % in case of
injecting the projectile from the beginning of operation. Injectinggmtides at the end of
the induction timedelays theincrea® of fouling in the processand injecting projectiles
from the beginning of operation fastens the fouling process.
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Figure4-33 Fouling resistane versus time for various operating scenarios
The tulk concentration 4.6 g/l_.bulk temperature 40°C, surface temperature 71fow velocity 2.2 m/s, injection intervals
every 10 min, projectile P12

4.4.2 Influence of multiple injectiors on the induction time

Another set of experiments has been performed in which the injeatérmal is varied
at a given flow velocity of 1.3 m/s. This is intended to get insight into the influence of the
injection intervalon the induction timdéor multiple injections The injection intervalhas
been varied betweemne and threanjectiorns every 10 minutesyith resultsbeing shown
in Figure4-34. With 3 inj./10 min, the three injectiongere injected successively one after
the other egry 10 minutes. The whole injection time for the three injections takes about
one minuteThe fouling resistance increaseswiime in case of 1 inj./10 milut in case
of 3 inj./10 min it has changed fromcontinuous igrease to an asymptotic behavio
less than 6 h. The asymptotic fouling resistan€ewith 3 inj./10 min is 0.0002 AK/W,

which is less thaf¥ for 1 inj./10 min after 6 h of operation, i.e. 0.00033KAwW.

Changing from single to triple injection hiasncedecreased the fouling resistance by 40%
after 6 h of operatio. It was also expected that the asympteith a single injection will

be significantlylargerthanthat of triple injectionHoweverit was not possible to continue
the fouling runwith 1 inj./10 min till the asymptat behavio is approached, as thebe
wall temperature exceeded the set limit.

The induction time in case of 1 inj./10 minapproximately0.65 h, while for 3 inj./10
min is only about0.3 h, as can be seenhigure 4-34(a) indicatinga reduction of up to
54%. The induction timewvithout injection is 1.3 h, as shown iRigure 4-32, which
indicates up to 50% reductiawnth 1 inj./10 min and 77%or 3 inj./10 min Thusmultiple
injection decreases the induction timEne reasons will be explained in section 4.4dn8l
5.3.1in detail.

75



Chapterd i Experimental Results and Discussion

0.0002
- + 1inj./10 min
S %
po-s 0.00015 o 3inj./10 min I¥: o© B
NE . D ’(
— 0.0001
o~ *
@ - oc? e 0
o 00 P
E 0.00005 ~ 0 o - .
§ 7 - J* &2 ) Yot QS‘. ..‘0" . *
fb ¢ ‘:O.QP".‘(‘»’G.&?‘GF‘G:?;00026000000‘0..0‘0"?’. **
£ IT~03h | ;
3-0.00005 s — :
Ak 1
IT~0.65 h |
-0.0001
0 0.2 0.4 0.6 0.8 1
Timet [h]
(a)
0.0004 .
E + 1inj./10 min s .'. -
g ) < | )
$ 00003 |0 3inj/10 min W’M; Y Increasing
*
% + '% + 9 ool
= 0.0002 a1 R o
e 5 8 T Asymptotic
@ o ' 03¢ C
g 00001 P37 AL
g o
oo
£
S 0
2
-0.0001
0 1 2 3 4 5 6 7
Time t [h]

(b)
Figure4-34 Fouling resistanceersustime as a function of the injectiorinterval
Bulk concertration 4.6 g/L,bulk temperature 40°C, surface temperature 71%ow velocity is 1.3 m/s,projectile P12

4.4.3 Visualization of injected projectiles through the transparent glass tube

The reduction in the induction time, i.e. the untimiegginningof the foding process,
due to injecting a projectile is an important phenomenon that should be studied in more
detail, because it could have mofound impact on the overall fouling process. A
visualization experiment has been performed to explore the influergrejettiles on the
fouling process. The same experimental setagused but with a transparent glass tube.
No heating has beesuppliedduring the visualization experiment thus no Ca88s been
used, i.ethe experimentvas performedwith demineraked water at room temperature.
The flow has been recorded using a high speed camera, SpeedCam Visario 1500, with a
maximum recording rate of 10,0@@&mes per second. The camerawasitioned in front
of the glass toe. Lighting of the setip was obtained via light source from the back side
of the glass tube, in order to prevent disturbing scattering of the light in the camera due to
the smooth surface of the tube. The measuring technique used is known as the shadow
graph technique (Settles, 2001), whereritwving object to be tracked becomes dark and
the surroundings beotes white. A single projectil¢P01) was injectedwith a flow
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velocity of 0.8 m/s The result of the visualization experiment is showRigure4-35. The

time indicated on the images is the one that has elapsed after injecting the projectile. The
picturedpart(visualized partpf the tube shown ifrigure4-35is the middle section dhe

tube.

Injection of the projectile started at t = 0 s and the flow was steady, as can be seen in
Figure4-35(a). Lots of air bubbles started to appear inttleafter 100 ms from injecting
the projectile, sedigure 4-35b) and (c), however, the projectile did ngdt reach the
picturedpart of the tube at that time. The projectile appeared irpitttared part of the
tube at t=211 s, with lots of air bubbles moving together witlptbgectile and close to it,
seeFigure4-35(d) and (e). It has been observed that many air bubbles have been entrapped
between the projectile and the tube upper surface as indicated by the dotted circle in
Figure4-35(e). Not surprisingly, most of the bubbles are concentrated at the upper half of
the tube, and almost no bubbles are at the bgp@nof the tube due to buoyaneffects
The water flow became steady onceren@nd free of air bubbles after 477 ms, see
Figure 4-35(f). Thus the injected projectile has induced lots of small air bubbles into the
tube, and once the cycle of the projectileasnpletedi.e. the projectileeturns back to its
starting position, the air bubbles diminishend the systems turns to be free of bubbles
again.lt is very difficult to eliminate all a bubbles in the flow caused l®ach injection
Therefoe, increasing the injectiaate(number @ injections per unit of time)ncreases the
amount of air bubbles in the tub&hile discussionn the open literatureabout the effect
of air bubbles on foulings limited, it neverthelesseems thathe presencef air bubbles
may be accountedbr the shorterinduction timewith multiple injectionsas will be prova
in section 4.4.4. Another reason for shorter induction t81ike scraiched surface and the
resettlement of partickedetachedby the projectiles on the heat transfer suck and aahg
as nuclei (Bansal eal. 1997).This also was proveby a series of experimesthatwill be
discussed in section 5.3.1.
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Figure4-35 Visualization of the injected projectil§P01)passing through a transparent glass tube
How velocity 0.8 m/s, the tubdsinstalled horizontally

A crosssectional picture of the tube after a fouling run in which geptie (P12)was
injected every 10 min is presentedrigure4-36. Note that the behawiof this fouling run
has already been shown kigure 4-31(b). Figure 4-36 illustrates that the fouling layer is
thicker at the top ofhetube, i.e. the upper half of the tube, ttemhe bottom of the tube.
The thickness of the fouling layer at the bottom of the tube is 0.3 mm, while aifit is
0.78 mm. This implies that foulingith injecting projectiless more likely to occur at the
top of the tube thaat the bottom. This could probabhe due to the high concentration of
air bubbles at the top of the tube compared to the baifdire tube during an injection as
has been found from the visualization experimenProviding another picture like
Figure4-36 but without projectilewas impossible due to the costtbé specialtechniques
for tubeconstruction

78



Chapterd i Experimental Results and Discussion

Top of tube

FL thickness = 0.78 mm

Outer diameter of

" Fouling layer (FL) tube = 25 mm

[~ Heat exchanger tube

FL thickness = 0.3 mm

Bottom of tube

Figure4-36 Cross section of the heagd tube after a fouling experiment
P12 hjection every 10min, flow velocity 1.3 m/s, concentration4.6 g/L

4.4.4 Influence of injected air on the induction time

To further examine the impact of air bubbles, &wdulitionalfouling experiments were
performed in whichonly air was injected. Air is injected every 10 niesi via the
projectile insert tube, but no projectiles are injected. It has been tried during the
experiments to inject the same amount ofaibr the abovereferenced run witthe glass
tube. The flow velocity varied from 2.2 m/s to 3 m/s. The fouliegistance at a flow
velocity of 3 m/s in case of i) no injection, ii) injecting a projectile and iii) air injection are
shown inFigure 4-37(a). The induction time has been reduced from 3 h in case of no
injection to 1.65 h due to air injection, and to 0.75 h due to injectipgpjactile. Similar
behavio has been observed at 2.2 m/s, as can be sdeigure 4-37(b). The induction
time has been decreased from 2.05 &aise of no injection to 1.55wth air injection, and
to 0.65 h whennjecting a projectile. The fouling ratédR/dt, is illustrated in the upper left
corner ofFigure4-37 which confirms that injecting air imeases the fouling rate. It can be
concluded that injecting air decreases the induction time and increases the fouling rate, i.e.
enhances fouling. This conclusion is in agreement with the work of Yang et al. (2000).
They found that the presence agsblvedair bubbles on the modified leenergy surfaces
enhances the fouling process, dnatthe fouling rate is depressed when the modified low
energy surfaces are free from air bubblBsus hey useddegassed solution to prevent
enhancement djubbleson the heat transfer surfacddasson and Zahavi (1970) also found
anomalous results due to adhering air bubbles on the exchanger surface in a study of
calcium sulfate scale.
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Figure4-37 Foulingresistance versus time at a flowelocity of (a) 3 m/s and (b) 2.2 m/s
Air at an injection intervalof 1 inj./10 min, bulk concentration 4.6 g/L, bulk temperature 40°C, surface temperature 71°C

Najibi et al. (1997) investigated fouling during subcooled flmsiling of pure calcium
sulfate and calcium carbonate. They considered the effestildfle nucleationon heat
transfer surfaces and presentieenucleate boiling fraction, NBAt may be interpreted as
a measure of the fraction of the heat transfer affegted by bubble growth mechanisms.
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Helalizadeh et al. 2@calculated the value of this paraméifar different flow velocities

and heat flugs Peyghambarzadeh et al. (20E30found that bubble generation on the

heat transfer surface promotes sc@demation due to crystallization andthat rapid
deposition occurred under subcooled flow boiling condgimncomparison with forced
convection. The difference is the result of bubble activity. Yang et al. (2000) investigated
the influence of desorbedrdubbles on the fouling @ modifiedcopper surface with low
surface energy, and it was observed that a ring of precipitates was left on the heat transfer
surface after the release of each bubbleis Touling ring was observed by many
researchers inclugg Gill and Nancollas (1980) and Gunn (1980). Scale formation under
nucleate boiling occurs at the triple interface of the steam bubble with the scale producing
solution and the heating surface, forming fouling rings as have been found by Freeborn and
Lewis (1962). Partridge (1929) and White (1929) explaitnedthe origin of rings is due

to the local increase in heat transfer surface temperature at the base of the steam bubbile,
I.e. thetriple interface as can be seerFigure4-38(a), causing supersaturation conditions

in the thin film surrounding the gdiguid interface leaving rings of crystals at the base of

the bubble. Thus the frequency and density of bubbles determines the fouling rate as have
been correlated by Jamaéimadi et al. (1989).

Technical dataaboutthe effect of air bubbkon foulingin the literature are scarce
Maybe the inducedair bubbles that stick to the heat transsarfaceproduce a similar
effect on crystallization foulingout not as severas gaerated steam bubbles during
nucleate boiling, seBigure4-38(b). Thiswould be attributed to the fact that the presence
of desorbed air bubbles enhances the fouling process during convective heat fnansfer
increasing the possibility of supersaturation which would facilitate crystallization.
Contraiwise, the foulingprocesss minimizedwhen the flow is free from air bubbles,ias
has been shown irthe air injecion experiments already presented. It was found that the
injected projectileinduce air bubbles to the flow during the time of injection. Thes€,
increasing the injection intervahcreases the amount of air bubbles in the flow that
consequehy enhance the fouling proceddoweverthis is not the only reason forfaster
starting up the fouling process and reducing the induction t#nee explanatiors will be
discussed in section 5.3.1.

Figure4-38 Bubble and ring fouling occurring at the triple interface
(@ nucleate boiling adopted from (Jamialahmadi et al. 1993) &) bubble because of projede injection
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