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ABSTRACT

A program is continuing & UNB Nuclear to investigate the deposition of magnetite particles from
sugpension in water onto Alloy-800 steam generator tubes. Deposits modify the therma hydraulic
characteristics of the heat transfer surface leading to a decrease in efficiency which is often more severe
when boiling or evaporation isinvolved. We find that the onset of boiling generdly enhancesthe
deposition rate. Experiments have been done under sub-cooled boiling conditions, in which microlayer
evgporation is beieved to be the dominant mechanism and loca changes of the chemigtry at nucleation
Stes may affect the particle deposition rate. A continuation of thiswork isto investigate the effect of
bulk boiling on the deposition rate and to examine any additiona mechanisms which may be involved.
This entails modifying the microlayer evaporation concept to include severe loca turbulence effects.



INTRODUCTION

One aspect of fouling that can have serious consequences is the accumulation of solid particles
suspended in afluid onto a heat transfer surface [1]. The ability to predict and control the rate at which
the particles deposit isimportant, in particular, to the power generating industry. Deposits modify the
characterigtics of heat transfer surfaces by increasing the resstance to heet transfer and to fluid flow, and
may be responsible for harbouring harmful chemicals and increasing radiation levels[2].

Magnetiteisthe principal corrosion product that forms on the carbon sted surfaces of the piping and
equipment around the secondary coolant system of anuclear reactor. Magnetite is released from these
surfaces into the high temperature feed water and is trangported to the steam generator tubes, where it
deposits on the outside of the tubes. The tube materid istypicaly anicke dloy, and the CANDU-6
reactors employ Alloy-800.

The fouling processis the net result of two competitive stages acting Smultaneoudy; the deposition stage
and the re-entrainment stage, such that the build-up of depost is given by [3]:
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where the remova coefficient k. depends on shear stress and is representative of the adhesive and
cohesive forces between the particles and the surface.

Under isotherma conditions, the deposition stage is generally modelled as a two-step process,
occurring in series [1]. The particles are carried from the bulk liquid to the vicinity of the surfacein the
trangport step. Thisisfollowed by the attachment step in which the particles adhere to the surface. The
processes are characterized by:

1 1 1

Ka Kt Ka
where Ky, K, and K, are the deposition, transport and attachment coefficients respectively.
For colloidd particles, diffuson isthe dominant transport mechanism. In thisregime, the particles move

with the fluid and are carried to the surface by Brownian motion of the fluid molecules[1]. For solutions
of high Schmidt number, the transport coefficient for diffuson-dominated transport is [4,5]:
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The adhesion processis fundamentaly described by consdering the surface interactions associated with



the depositing particles and the collector surface, the two most important being the London-Van der
Wadls forces and the dectrical double-layer interaction forces. In asingle fluid, London-Van der Waals
forces between particles and a surface are attractive. Electrical double-layer interaction forces are
atractive if the particles and the wall have unlike charges, and repulsive if they have like charges. The
charge on each surface is a function of the solution pH. In the pH range where magnetite and Alloy-800
have opposite surface charges, both the eectrica double layer and the London-Van der Wads
interaction potentia will be favourable to deposition and the net surface force will be attractive. In that
case, the attachment step is very fast, and the trangport step isthe limiting stage (VK ¢ » 1/Ky). When
double layer repulsons are sufficiently large, the total potential energy will go through a maximum asthe
particle gpproaches the wal. This maximum potentia energy serves as an energy barrier which must be
overcome if the particles are to become attached to the surface. The energy barrier isreferred to asthe
activation energy for attachment which exhibits an Arrhenius temperature dependence [6,7].

Ka= koe(p('E/RTs)

In this case, the trangport step is very fast, and the attachment step becomes the limiting stage (VK 4 »
1/K ). It has been shown that the particle deposition rate for magnetite onto Alloy-800 steam generator
tubes will be transport controlled for pH vauesin the range of 6.5 and 8.3, and will be attachment rate
limited outside of thisrange [2].

The particle deposition rate is generdly enhanced by the onset of boiling [8,9,10]. Under flow-boailing
conditions, it is proposed that the deposition flux can be expressed as the sum of two separate fluxes
acting in pardld: one arisng from forced convective trangport of the particles from the bulk fluid to the
hest transfer surface and the second from boiling convection [9,11]. Thus,

Ka(2f)=Kag+ Kp

It is generdly accepted that microlayer evaporation is the dominant mechanism for the initid depostion
process under boiling conditions. Vapour bubbles grow at active nucleation sites leaving, asthey grow,
avery thin “microlayer” of liquid beneath the bubble. Thisthin layer istotaly evaporated leaving the
solid content of the deposit on the surface. The bubble detaches and unsaturated liquid contacts the
surface again. A new bubble forms and the process isrepeated [12]. Asaresult, adepositis
expected to show concentric rings [13,14].

EXPERIMENTAL METHODS AND APPARATUS

Synthesis of M agnetite

The magnetite particles used in the experiments are synthesized usng a sol-gel method [14,15]. This
method involves the aging a 90°C of aferrous hydroxide gel in an oxygen-free environment. Scanning

electron microscopy and X-Ray andyd's are then performed to confirm the formation and morphology
of magnetite. The end product is magnetite particles which are monodisperse, colloidd (0.6C1m) and



nearly spherical in shape.
Recirculating L oop

A recirculating water |loop operated at atmospheric pressure and temperatures up to the boiling point is
used to conduct the experiments. Theloop is mainly constructed of stainless sted and is equipped with
avertica glasstest section. The test section houses an Alloy-800 steam generator tube whichis
equipped with a cartridge heater capable of obtaining a hesat flux of 240 kW/n. The pH of the coolant
is set by the addition of dilute nitric acid or potassum hydroxide. To maintain a constant concentration
of magnetite in the coolant, samples are regularly tested using atomic absorption spectrometry;
additiong/dilutions are made accordingly. A radiotracing technique is o available to monitor
deposition continuoudy online. A schematic of the apparatus follows.
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Figure 1: Recirculating Water L oop Schematic
PRELIMINARY RESULTS

In apreliminary sub-cooled boiling experiment (bulk water temperature of 90 °C, nomind heat flux of
100 kW/nf) the heet transfer on the Alloy-800 tube was found to be unevenly distributed. The
resultant deposition mass of magnetite particles per unit area was determined to be agpproximately a
factor of 10 higher than that given in the literature [14]. Along the tube, three zones of different heat
transfer characteristics were observed.

Near the “nosg’ of the tube, awide ring (1 inch thick) of rdatively stagnant bubbles, with rdatively large
diameters and long residence times was present. These bubbles were roughly spherica in shape and
did not collgpse ingdantaneoudy after the heat flux was removed.

Near the top of the tube, another smaller ring of bubbles was noticed. These bubbles were aso roughly



pherica in shape, but had amuch smaller diameter than those on the bottom of the tube. They
appeared to be stationary and tended to collapse on the surface; however, did not collapse
ingantaneoudy when the heet flux was cut a the end of arun.

In the middle section of the tube, bubbles were much smaller in diameter. They nucleated very rapidly
and gppeared to dide along the tube before collgpsing in the flow. These bubbles instantly disappeared
once the heat flux was cut from the tube.

Agglomerates of magnetite were visble on the surface of the bubbles in both the top and bottom rings of
bubbles on the tube. 1n these aress, it was aso observed that the fluid boundary layer was extended
around the stagnant bubbles.

Samples were taken from the tube after arun, in which the magnetite from the three zones was removed
and tested separately. The measurements confirmed the observations, in that the heaviest deposit was
in the region of the top ring of bubbles, a somewhat lighter deposit occurred at the bottom ring while the
centre section had the lightest deposit of all.

DISCUSSION

The onset of boiling generally enhances the deposition rate [8,9,11,12,14]. It is observed that under
boiling conditions, deposits are exclusively formed at the Sites of bubble nuclestion [14] which suggests
that the depogition rate is closely related to the dendity of nuclestion sSites and mainly controlled by the
mechanisms associated with bubble formation.

According to Thomas & Grigull [8], the initiation, growth and release of a bubble causes turbulence in
the laminar boundary layer adjacent to the tube wall, resulting in an influx of water towards the wall to
replace the space occupied by the leaving bubble and thereby raising the probability of depostion. A
high nucleation frequency aso suggests that removal of deposit isimportant. Particles that are collected
on or under the bubble surface will be released as bubbles leave the surface. This may produce a
levelling-off effect in which the rate of deposition eventualy balances the rate of removal.

Since deposits are formed at the Sites of bubble nucleation, trapping of particles at the bubble surface
and microlayer evaporation are generdly accepted as the dominant mechanisms when boiling is
involved. Trapping of particles was vishble in both the top and bottom rings of bubbles on the tube.
These bubbles have a higher resdence time on the surface and have ardatively large diameter, thus, the
quantity of magnetite collected on the surface of the bubble isimportant and deposgtion by microlayer
evaporation will below. In the middle section of the tube, the residence time of a bubble on the tube
asurfaceisinsufficient to alow for subgtantid trgpping of particles on its surface, therefore, the quantity of
meagnetite collected is mainly due to microlayer evaporation.

The bubbles present in the top and bottom rings on the tube exhibit a high degree of sability. Itis
suspected that nitrogen has diffused insde these bubbles enhancing their stability and impeding their
collgpse when the heat flux is removed from the tube. Bubblesin the middle section of the tube have a



high nuclestion frequency and collapse eadily; they are believed to contain only vapour.

Asthefluid flows dong the tube in the vertica direction, it is expected that the surface temperature and
the fluid temperature at the interface will vary. Near the“nosg’ of the tube, the fluid temperature at the
interface will till be dose to the inlet temperature. Asfluid flows dong the tube, its temperature in the
vicinity of the surface increases and the therma boundary layer thickens, thereby enhancing bubble
nucleation.

The localized extensons of the laminar boundary layer around the larger bubbles present in both the top
and bottom rings of bubbles may be a result of dead flow zones in which the shearing force may
become very small or even zero [8]. Asareault, in these zones, the particles reaching the wall at the
beginning of deposition will have the grestest probaility of depositing.

CONCLUSION

A program is continuing & UNB Nuclear to investigate the deposition of magnetite particles from
suspension in water onto Alloy-800 steam generator tubes. A preliminary sub-cooled boiling experiment
has been done in which the dengity of bubble nucleation sites may have an effect on the particle
depogtion rate. A continuation of this work entails sudying the effect of bulk boiling and examining any
additiond mechanisms which may be involved. It is expected that the rate of particle depostion will be
enhanced even more under these conditions due to severe local turbulence effects.

NOMENCLATURE

Co bulk concentration of particles kg/n?®

E activation energy of adhesion Jmol

Ko constant in equation (5)

K, removal congtant st

Ka attachment rate coefficient nvs

Kp deposition coefficient associated with bailing /s

Kg deposition coefficient for sngle phase flow nvs

Kq(200) deposition coefficient for two-phase flow /s

Kt transport rate coefficient m's

My meass of fouling deposit per surface area g/t

R universal gas congtant J(mol K)
Schmidt number

Ts surface temperature K

u* friction velocity /s

Greek Letters

g particle depostion flux kg/(n? s)

O, paticle remova flux kg/(f s)



REFERENCES

[1] N. Epstein, “Particulate Fouling of Heat Transfer Surfaces: Mechanisms and Modédls’, from
“Fouling Science and Technology”, Kluwer Academic Publishers, pp. 143-164, 1988.

[2] D.H. Ligter, “Corroson Products in Power Generating Systems”’, from “Fouling of Heet
Transfer Equipment”, E.F.C. Somerscales, J.G. Knudsen, Hemisphere Publishing Corporation,
pp. 135-200, 1981.

[3] D.Q. Kern, R.E. Seaton, “A Theoretica Analysis of Therma Surface Fouling”, British
Chemical Engineering, Val. 4, No. 5, pp. 258-262, 1959.

[4] A.B. Metzner, W.L. Friend, “ Theoretical Analogies Between Heat, Mass and Momentum
Transfer and Modifications for FHuids of High Prandtl or Schmidt Number”, Canadian Journd
of Chemica Engineering, Val. 36, pp. 235-240, 1958.

[5] JW. Cleaver, B. Yates, “A Sublayer Modd for the Deposition of Particles From a Turbulent
Flow”, Chemical Engineering Science, Vol. 30, pp. 983-992, 1975.

[6] H. Krupp, “Particle Adhesion Theory and Experiment”, Advancesin Colloid and Interface
Science, Val. 1, pp. 111, 1967.

[7] E. Ruckenstein, D.C. Prieve, “ Rate of Deposition of Brownian Particles Under the Action of
London and Double Layer Forces’, Chemica Society Journal, Faraday, Transaction 11, Vol.
69, pp. 1522-1536, 1973.

[8] D. Thomas, U. Grigull, “Experimenta Investigation of the Deposition of Suspended Magnetite
from the FHuid Flow in Steam Generating Boiler Tubes’, Brennst-Warme-Kraft, Vol. 26, No.
3, pp. 109-115, 1974.

[9] C.W. Turner, M. Godin, “Mechanisms of Magnetite Deposition in Pressurized Boiling and
Non-Boiling Water”, Proceedings of the Steam Generator and Heat Exchanger Conference,
Vol. 2, pp. 7.111-7.123, 1994,

[10] CW. Turner, “Rates of Particle Deposition From Aqueous Suspensions in Turbulent Flow; a
Comparison of Theory with Experiment”, Chemical Engineering Science, VVal. 48, No. 12, pp.
2189-2195, 1993.

[11] D.H. Ligter, “The Mechanisms of Corrosion Product Trangport and Their Investigation in High
Temperature Water Loops’, Corrosion, Vol. 35, No. 3, pp. 89-96, 1979.

[12] JG. Cdllier, “Heat Exchanger Fouling and Corrosion”, from “Heat Exchangers - Therma
Hydraulic Fundamentals and Design”, S. Kakac, A.E. Bergles, F. Mayinger, Hemisphere
Publishing Corporation, pp. 999-1011, 1981.

[13] Y.Asakura M. Kikuchi, S. Uchida, H. Yusa, “Deposition of Iron Oxide on Heated Surfacesin
Boiling Water”, Nuclear Science and Engineering, Vol. 67, pp. 1-7, 1978.

[14] M. Basset, N. Arbeau, J. Mclnerney, D.H. Ligter, “Magnetite Particle Deposition Onto Alloy-
800 Steam Generator Tubes’, Proc. Of the Third International CNS Conference on Steam
Generators and Heat Exchangers, Toronto, Canada, 1998.

[15] T. Sugimoto, E. Matijevic, “Formation of Uniform Sphericd Magnetite Particle by
Crydalization from Ferrous Hydroxide Gels’, Journd of Colloida and Interface Science, Val.
74, No. 1, 1980.



