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Depot sur des tubes isothermes de particules de magnetite

precipitees par une masse d'eau tombant tres rapidement

par

K.A. Burrill

Resume

On a mesure la vitesse de precipitation de particules de magnetite entrainees par une
boue aqueuse tonibant tres rapidement et deposees sur des tubes metalliques isothermes. On
a etudie les effets:

- de la vitesse (5 a 100 m/s)

- de la concentration de la boue (200 a 1000 mg Fe/kg H2O)

- de la temperature (25° to 90°C)

- d u p H ( 4 a 10a25°C)

- du metal des tubes (nickel, Zircaloy-4)

sur la vitesse de precipitation des particules de magnetite.

Les donnees obtenues sont interpreters en fonction de deux etapes employees en
serie pour la precipitation: une etape de transfert de masse suivie d'une etape de depot. Le
transfert de masse des particules par l'intermediaire d'une masse d'eau semble limiter le
depot des particules lorsque le nombre de Reynolds est eleve (10s).
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ABSTRACT

The deposition rate of magnetite particles from a high velocity water slurry onto
isothermal metal tubes was measured. The effects of:

- velocity (5 to 100 m/s)
- slurry concentration (200 to 1000 mg Fe/kg H2O)
- temperature (25° to 90°C)
- p H ( 4 t o 10 at 25°C)
- tube material (nickel, Zircaloy-4)

on deposition rate were studied.

The data are interpreted in terms of two sieps in series for deposition: a mass
transfer step followed by a deposition or "inertial coasting" step. Mass transfer of particles
through the bulk water phase apparently limits the deposition of particles at high Reynolds
number (105).
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1. INTRODUCTION

Small particles of corrosion products enter water whenever it contacts corroding steel
surfaces. These particles have been implicated in the gradual rise of gamma radiation fields
around the out-core piping of water-cooled nuclear power reactors^' \

In particular, the particles deposit from the high velocity water in the reactor core
onto the zirconium alloy fuel sheaths and pressure tubes, as well as on out-of-core surfaces.
A knowledge of the particle deposition rate as a function of the design and operating
variables in the reactor heat-transport circuit would be useful in understanding the role of
particles in the growth of radiation fields.

A preliminary study with a simple apparatus is reported here. The deposition rate of
magnetite particles onto isothermal tubes was studied as a function of the slurry velocity,
concentration, temperature, pH and tube material. The influence of the apparatus design
and operating procedures was also studied to eliminate their effect on the deposition rate.

2. LITERATURE REVIEW - Data and Mechanisms for Deposition

Flow in a nuclear reactor core is highly turbulent (Reynolds number about Re = 5 x
105 in the core of a Pickering Generating Station reactor). Turbulent flow can be separated
into three separate layers. In the center region of a pipe, velocity fluctuations are at their
peak and the properties of the fluid are homogeneous throughout this turbulent core zone.
The next layer is a buffer zone where the velocity fluctuations decrease as the distance to
the wall decreases. This layer reduces the number of particles moving toward the wall. The
layer closest to the wall is the laminar boundary layer which is theoretically devoid of
turbulence. Velocity fluctuations decrease rapidly through this layer, and become zero at
the wall. Hence, if magnetite particles are to reach the wall their initial momentum must be
enough to carry them through this layer. The thickness of each of the above layers depends
on the physical parameters of the system, grouped into the dimensionless Reynolds number.
The thickness of the boundary layer is greatest at low Re, or low fluid velocities. As the
velocity of the flow is increased, the boundary layer thickness is reduced. More magnetite
particles are then deposited, since the necessary momentum to reach the wall has been
effectively lowered. Friedlander and Johnstone^ were the first to propose inertial
"coasting" as an important step in particle deposition.

Thomas^' has published the only experimental work on particle deposition from a
turbulent liquid. He considered the net effect of adhesion and shear forces on deposition. At
a low Reynolds number, only large particles are able to deposit. As the flowrate is increased,
smaller particles are also able to deposit, increasing the overall deposition rate as well as the
particle size distribution at the wall. However, if the flowrate is increased further, shear
force removes the large particles from the wall. The remaining deposit is then composed of
smaller particles, upon which the adhesive force is greater than the shear force. This does
not mean that the deposit weight decreases. On the contrary, due to the higher velocity
many more particles arrive at the wall, causing the deposition rate to increase, at a slower
rate.

Velocity is not the only factor influencing shear and adhesive forces. Magnetite
particles are not spherical, but, as illustrated by Figures 1 and 2, are agglomerates and
therefore irregular in shape. Their shape, and other characteristics such as surface charge,
will affect the net force acting on particles.



For single-phase water flow, Thomas' ' found:

(i) The deposition rate of magnetite particles increased linearly with particle concentra-
tion (0.16 to 5.04 mg Fe/kg H2O).

(ii) The deposition .ate increased linearly with tube Reynolds number (Reynolds
number 1700 to 1.85 x 10s, water velocity about 0.C3 to 3 m/s).

(iii) The deposition rate continually decreased with time, for runs lasting up to 45 h, and
for deposit weights up to 10 g Fe/m2.

(iv) The deposition rate was about 30% lower on an unheated surface than on one with a
surface heat flux of 0.4 MW/m2.

Gasparini, Delia Rocca and Ioannillr^ considered the effect of oxide surface charge
on deposition. Some insoluble metal oxides (MO) in contact with aqueous solutions develop
electrical surface charges when the surface is hydrated and the surface hydroxyl groups
dissociate:

Hydration

Loss of a proton from the surface in alkaline solution gives a negative surface charge:

With base

Loss of an hydroxyl group from the surface in acidic solution gives a positive charge:

With acid

The surface charge of the metal oxide will depend on the water pH. The pH at which
the surface charge is zero is called the point of zero charge (pzc), or the isoelectric point (iep).

The potential difference between an oxide surface and the contacting solution is
called the zeta potential. The zeta potential for a given system depends on:

- the particular metal oxide
- its oxidation state
- its degree of hydration
- the pH of the solution.
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Figure 1 — SEM Photograph of Magnetite Particles
Deposited on Copper Surface XI000

Figure 2 - SEM Photograph of Magnetite Particles
Deposited on Zircaloy Surface. XI000
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Metal oxides in the same solution will probably have different zeta potentials. Figure 3
illustrates this for magnetite and zirconium oxide. (The measured pzc for zirconium oxide
reported in the literature varies wide'y. A pzc for zirconium oxide has been assumed
arbitrarily in Figure 3.)

MAGNETITE Fe3O4 TEMPERATURE = 25°C

ZIRCONIUM OXIDE

10 11 12 13 pH

Figure 3 — The Dependence of Zeta Potential on pH.

If the solution has pH = 4, then both surfaces have positive charges, whereas at pH =
9, they both exhibit negative charges. In each of these cases the magnetite surface would be
repelled electrostatically from the zirconium oxide surface. At pH = 7 the surfaces may have
opposite charges, and a slight attraction would be expected.

The rate of deposition according to this hypothesis would then depend on
electrostatic forces and hence on the pH of the solution. If the pH were such that charges
were alike, less deposition would be expected than with opposite charges.

Many authors have presented models for particle deposition. References 5 to 10
contain examples of work on the mechanisms for deposition. Most of the models of the
deposition mechanism rely on the coasting of a particle across the laminar boundary layer to
reach the wall and do not consider release by fluid shear. All models compare well with data
for deposition rates from aerosols. Some of the models will be compared with data from this
study in Section 4.

3. EXPERIMENTAL WORK

The apparatus and procedure are described briefly and the effect of the equipment
variables on the experimental results are evaluated. Finally, the experimental results are
given.
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3.1 Apparatus

The apparatus is shown in Figure 4. It is best understood by describing a run. To
carry out a run:

— slurry was poured into the feed tank
— slurry was then forced into the pressure vessel by pressurized air
— the vessel was pressurized with nitrogen gas
— slurry was passed through the tube by opening the solenoid valve
— the volume and concentration of the slurry passed through the tube was measured
— the weight of deposit on the tube was measured by descaling the deposit in 12 N HC1.

PRESSURE GflUGE

OdVflLVE
N,
NITROGEN FROM GflS
BOTTLE AND
REGULflTOR PRESSURE VESSEL

E>] VALVE

\
\

> \

\ \

PRESSURIZED AIR

VALVE

FEED
TANK

TIMER O — 1 > 3 SOLENOID VALVE

SLURRY
TRANSFER
LINE

TUBE

CATCH TANK

Figure 4 — Particle Deposition Apparatus.
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A timer connected to the solenoid valve measured the run time with an accuracy of ± .005
s. The deposit weight per unit area divided by the run time gave an average deposition
rate.

3.2 Apparatus Parameters

Deposition depends on a large number of parameters which may be grouped into
three sets:

(i) The first set of variables is the true or direct variables, those which may be directly
altered by the researcher. Direct variables affecting deposition are summarized
below, along with the ranges over which they were tested:

- velocity (5 to 100 m/s)
- run time (0.3 to 6 s)
- slurry concentration (250 to 1000 mg Fe/kg)
- temperature (25° to 90°C)
- tube material (Zircaloy-4, nickel)
- tube size
- particle size.

The effect of tube size and particle size were not studied in a controlled way. Tube
diameter was either 0.35 cm or 0.50 cm, depending on the material. The particle size
range was not measured, except by noting that most particles in a sample of the
powder were agglomerates of small particles 0.1 to 1.0 ium in diameter.

(ii) Indirect variables changed only as a result of varying some other parameter. An
example of this would be surface roughness, which was changed by changing the
tube material.

(iii) Equipment variables were introduced by the procedure and equipment used. To
check that no error was being introduced as a result of technique the following
parameters were studied:

- decrease in pressure driving force during a run
- settling of magnetite slurry
- effect of entry length
- the time to establish steady flow
- tube pretreatment.

3.2.1 Pressure Drop During a Run

The pressure in the test vessel dropped during a run, thus reducing the flowrate. An
empty gas cylinder added to the nitrogen gas circuit acted as a pressure reservoir and
minimized the pressure change. Calculations were then made to test the effect of a small
change in pressure. For the maximum observed pressure decrease of 0.17 MPa. the Reynolds
number decrease di ring a run was found to be less than 5% at maximum flow.

3.2.2 Settling of Magnetite Slurry

if the deposition rate does not increase linearly with the slurry concentration, then
slurry settling in the pressure vessel during a run would give an erroneous deposition rate. To
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test the importance of settling, a magnetite slurry was poured into a beaker and allowed to
stand while periodic samples were taken 2.5 cm below the surface. Figure 5 shows how the
slurry concentration decreased at this location with time. Initial settling occurred at a high
rate, since the concentration at 2.5 cm was halved in less than 5 min.

500 INITIAL SLURRY CONCENTRATION 500 mgFe/kg

SAMPLES TAKEN 2.5 cm BELOW THE SURFACE

400

E

200

10 20 30 40 50

SETTLING TIME (min)

Figure 5 - Settling of Magnetite Slurry.



Slurry was then placed in the pressure vessel and was allowed to settle. A small
amount of slurry was forced through the solenoid valve and tube and was then analyzed.
Figure 6 shows that for standing periods of up to 90 s, no noticeable change in the average
concentration of slurry that passed through the tubes took place due to settling.

All runs reported here were carried out within 40 s of adding slurry to the pressure
vessel.

400

300

o

200

100 • CONCENTRATION NOMINALLY
200 mgFe/kg

A CONCENTRATION NOMINALLY
300 rr,gFe/kg

20 40 60 80 100

SLURRY STANDING TIME (s)
120

Figure 6 - The Effect of Settling of Magnetite Slurry Inside Pressure Vessel on Average
Slurry Concentration Leaving Tube.



3.2.3 Entry Length

Particles must cross the boundary layer to deposit. However, when the slurry first
enters the tube, a thick, laminar boundary layer forms at the tube inlet. The distance from
the tube inlet for the flow in the boundary layer to become turbulent is called the entry
length. Particles are likely to deposit at a slower rate in the entry length than in the fully
developed zone.

To determine any possible effect of entry length, a run was made with a long tube.
The tube was then cut into small pieces and each of these was descaled to find the deposit
weight distribution over the entire tube length. The results in Figure 7 show a small increase
in the average deposition rate with distance along the tube. Therefore, the effect of entry
length was ignored.

E

U1
D

O

NICKEL TUBE
SLURRY CONCENTRATION
REYNOLDS NUMBER 1x105

RUN DURATION 2.9 s
pH 8.9
TEMPERATURE 298 K

350 mgFe/kg

I
10 15 20

DISTANCE ALONG TUBE (cm)

25

Figure 7 - Deposition Rate Versus Distance Along Tube.
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3.2.4 Establishment of Flow

As well as a length of tube, passage of time is also necessary for flow to become
established throughout the tube at the beginning of a run. Until flow becomes established,
there is no definite boundary layer, and particles should deposit at a much faster rate than
with a boundary layer.

Time for an establishment of How was calculated on the basis of a model presented
by Streeter ' ' ' .

Parameter values are:

AP = 3.45 MPa (tank pressure)
Re=1.9xlO 5 (Reynolds number)
L£ = 0.5 m (equivalent length of tube)
f= 0.0162 (friction factor)
D = 3.5 x 10~3 m (tube inside diameter)

The final velocity, VQ, is given by:

V =

From P = 3.45 MPa, the head available was calculated as H =351 m of water. Therefore.

VQ = 54.6 m/s

The actual velocity V approaches VQ asymptotically according to the equation

2g H Vo - V

Numerically, it would take an infinite time for V to reach VQ. An approximation
can be made, if the time t for V to reach 0.99 VQ is calculated:

Since all runs exceeded one second, the time for establishment of flow should be
less than 2% of the total run time.

3.2.5 Tube Pre-treatment

Each tube was pickled to clean the surface before exposure to slurry. The time
between pickling and use of nickel tubes was found to affect the deposition rate. Tubes used
one month after pickling gave deposition rates about three times lower than rates on freshly
pickled tubes. All tubes exposed here were used within 8 h of pickling and were not pro-
tected from air oxidation between pickling and their exposure to slurry.

3.3 Experimental Results

The results will be expressed in terms of a deposition coefficient. This coefficient
will be defined, then the experimental results will be given.
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3.3.1 Deposition Coefficient

If the deposition rate is assumed linearly dependent on particle concentration, and if
the effect of particle size on deposition rate is ignored, then the following equation may be
used to describe the deposition rate r:

r = k0C(Re)n ••• (D

or r = kC . . . (2)

and kQ = Be" E / R T . . . (3)

where r = deposition rate of particles, kg/m2s

k0 = deposition rate constant, kg/m2s

C = particle concentration in fluid, kg/kg

n = index

Re = Reynolds number

k = deposition coefficient, kg/m2 s

B = a constant

R = gas constant

T = temperature, K

E = and energy factor which may be the minimum amount of energy required for a
particle to cross the boundary layer and deposit, for example.

Equation (2), an empirical equation which applies to aerosols, will be used to
interpret the experimental results.

3.3.2 Effect of Run Time on Deposition

Practically, the deposition rate should not depend on run duration (Section 3.2.4).
Figure 8, obtained experimentally, shows the opposite to be true. The deposition coefficient
is extremely dependent on time, especially for a short run duration.

Figures 1 and 2 show that a change in the surface properties of the tube, caused by
deposited particles, cannot account for the effect of run duration because the surface area
covered by particles is negligible. The other explanation, which the calculations in Section
3.2 discounted, is that the flow pattern was not established until some time into a run. This
would mean that establishment of flow calculations, based on Streeter ', are not
applicable. It was assumed that this was the case, and in order to correct for the possible
delay in establishment of flow, all runs with durations less than 1 s were discarded.
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ZI RCALOY-4 TUBE
SLURRY CONCENTRATION

400 mgFe/kg
REYNOLDS NUMBER 1.5 x105

pH 4.1
TEMPERATURE 300 K

o
Q_

I
1 2

RUN DURATION (s)

Figure 8 — Effect of Run Duration on Deposition Coefficient.
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3.3.3 Effect of Slurry Concentration on Deposition

Deposition of aerosols varies linearly with concentration, r = koC(Re)n. A run was
made to see if the same effect held for deposition from a water slurry. The curve in Figure 9
shows a lessening of the effect of c^'icentration as it is increased. A linear relation does not
apply at high concentrations. From the curve, it appears that r= kQC(Re)n may still be used
for concentrations up to 300 mg/kg. A linear relation seems applicable in reactor systems
where corrosion product concentration seldom exceeds 10/Jg/kg.

•a.

o

NICKEL TUBE
REYNOLDS NUMBER 1 . 2 x 105

pH 7
TEMPERATURE 298 K

/ I I
200 400 bOO 800

SLURRY CONCENTRATION (rngFe/kg]

1000

Figure 9 - Effect of Slurry Concentration on Deposition Rate.
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At large concentrations, particles may interfere with each other by collision, thus
lessening the number of particles with the necessary momentum to cross the boundary
layer.

3.3.4 Effect of Reynolds Number and Tube Material on Deposition

The laminar boundary layer thickness depends on the Reynolds number. Since this
thickness should directly affect the deposition rate, Reynolds number should have a large
influence on deposition rate.

O NICKEL TUBE I . D . 0 .35 cm

X ZIRCALOY-4 TUBE I . D . 0 .50 cm

SLURRY CONCENTRATION 300 mg/kg

pH ~7

TEMPERATURE - 3 0 0 K

10-1

o
CJ

CO
o
a. TO'2

10* 105

REYNOLDS NUMBER

10"

Figure 10 - Effect of Tube Material and Reynolds Number on Deposition of Magnetite
Particles.
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Results obtained with two tube materials, shown in Figure 10, seem to confirm this
hypothesis. (Note that Reynolds number was used to correlate the data even though only
the slurry velocity was changed in these experiments.) Based on equation (1), values for n
were found to decrease (from 6 to 0.8 for nickel tubes) as Re increased, illustrating the
possibility that an increase in Reynolds number (velocity) caused an increase in shear which
increased the release rate of deposited particles back into the main stream.

The effects of individual lube characteristics such as roughness and diameter were
not studied in these experiments Rather, the tube material was changed and so roughness
and diameter changed as a consequence. The results in Figure 10 do show a strong effect of
the change in material.

3.3.5 Effect of pH on Deposition

The effect of surface charge on deposition was suggested by the literature review
since, in an aqueous solution, metallic oxides carry a surface charge capable of influencing
deposition by electrostatic attraction or repulsion.

Figure 3 showed schematically the change of surface charge with pH for both
magnetite and zirconium oxide. Runs conducted at pH = 4 would result in both surface
charges being positive, whereas at pH = 10 both charges would be negative and at pH = 7 the
magnetite would be positive and the zirconium oxide would be negative. The results
obtained are shown in Figure 11. There is little difference between the runs conducted at
pH = 4 and pH = 7. The case where both surfaces were negative does show a decreased
deposition, presumably due to the electrostatic repulsive force.

10-t

Ui

o 10-2

10-3

O pH4

X pH7

A pH10

ZIRCALOY-4 TUBE

SLURRY CONCENTRATION
-350 mgFe/kg

TEMPERATURE - 3 0 0 K

10 5

REYNOLDS NUMBER

106

Figure 11 - The Effect of Slurry pH on the Deposition Coefficient with Zircaloy-4 Tubes.
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The explanation for no large repulsive effect at pH 4 may lie in the poor description
of surface charge with pH, assumed in Figure 3 for zirconium oxide. However, the
deposition coefficient data are scattered enough that the repulsive effect at pH 4 may be
hidden.

3.3.6 Effect of Temperature on Deposition

Figure 12 shows that increasing the slurry temperature increased the deposition rate.
Calculations show that the boundary layer thickness should be insensitive to temperature
for constant Reynolds number. Tewarr ' has found that the zeta potential of magnetite
becomes more negative as temperature is raised. Electrostatic repulsion should then try to
decrease the deposition rate. The number of particles bombarding the surface must
therefore increase with slurry temperature.

ZIRCALOY-4 TUBE
SLURRY CONCENTRATION
350 mg/kg

pH10 (AT 298 K)

A TEMPERATURE 301 K

+ TEMPERATURE 353K

t 10 -2

o
o

00
o
LU
Q

10"

104
105

REYNOLDS NUMBER

106

Figure 12 - The Effect of Slurry Temperature on the Deposition Coefficient with
Zircaloy-4 Tubes.
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3.3.7 The Effect of Particle Size on Deposition

The magnetite used in this study was purchased from a major supplier of chemicals.
Unfortunately, magnetite slurries of different particle sizes were unavailable. Thus, the
slurry was stirred with a magnetic stirrer, since magnetic force should hold particles
together, forming larger particles. Zircaloy is non-magnetic, hence no magnetic attraction
between the particles and the surface should take place.

Figure 13 shows that if the slurry was agglomerated, it had little effect on the
deposition rate.

10-1

ZIRCALOY-4 TUBE
SLURRY CONCENTRATION

350 -450 mg/kg

pH
TEMPERATURE 302K

A - ORDINARY SLURRY

M - SLURRY STIRRED WITH MAGNETIC STIRRING BAR

It T O " 2 1 —

c/5

o

10

M

>/

M

V
/

1

M

k

A

M M / '

X
A

I-3

104 i o 5

REYNOLDS NUMBER

TO6

Figure 13 - Effect of Agglomerating Slurry on Deposition Coefficient.
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3.3.8 Effect of Water Velocity on Deposit Removal

The possible release of deposited particles during a run was found unimportant in
the experimental conditioi . used here. This was done by "fouling" tubes, then subsequently
exposing them to clean water at the same Reynolds number (about 1 x 105) for the same
run duration (about 5 s). There was no significant difference in the deposit weights of the
two groups of tubes.

Thomas^) found that some deposited particles could be removed from a surface
when the water Reynolds number at which they had been deposited was roughly doubled.
This observation agrees with the mechanism of detachment proposed by Cleaver and
Yates^'^\ in which a turbulent burst of eddies in the boundary layer may lift a particle
from the surface.

The limited results, summarized here, also suggest that a particle, once deposited,
will not be detached from the surface if the fluid Reynolds number remains unchanged.

4. COMPARISON OF DATA WITH MODELS

Ideally, a model is needed which fits the data, and permits extrapolation to the
operating conditions of a CANDU (Canada Deuterium Uranium) reactor. This goal is only
partly reached here. First, particle deposition is interpreted in terms of two steps in series.
Then, the data are compared with models of the two steps.

4.1 Two Steps in Particle Deposition

The two steps are straightforward. First, the particles must be carried through the
bulk water phase to the boundary layer at the pipe wall. Secondly, a particle's inertia must
carry it across the boundary layer to the pipe wall.

4.1.1 Step One - Bulk Phase Transfer

The turbulent flow in the pipe causes eddies of water to transfer particles from one
region to another in the bulk phase. If one region of the bulk is depleted in particles, eddies
carry particles to that region. This would be true if the deposition process, step two, was
very efficient so that the particle concentrations in the water near the wall were almost zero.

An empirical correlation of data for mass transfer of a solute through a turbulent
fluid to a surface (and from the surface to the fluid) is

Sh = O.O23(Re)°-83(Sc)1/3 . . . (4)

where

Sh = Sherwood number
k m D

V

Re = Reynolds number
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Sc = Schmidt number

D = tube diameter, m

km = mass transfer coefficient, m/s

p = molecular diffusivity, m2/s

pi = absolute viscosity, Ns/m2

p = fluid density, kg/m3

The mass transfer coefficient is used in the following equation to estimate the mass transfer
rate from the bulk water to the wall:

where rm = mass transfer rate

C = bulk phase concentration

Cw = wall phase concentration

Equation (4) is limited to Reynolds numbers from 3 x 103 to 3 x 104. and to Schmidt
numbers from 0.5 to 103. If step two were fast compared to step one. then Cw ~ 0 in
equation (5) and km approximately equals the deposition coefficient.

4.1.2 Step Two — Inertial Coasting

The inertial coasting mechanism, described briefly in Section 2. was first proposed
by Friedlander and Johnstone'^'. They said that particles had only to be carried by the
fluid close to the surface, and then their momentum would carry them to the wall. For large
particles, the coasting or stopping distance can be large compared to the boundary layer
thickness, and so deposition rates in excess of those resulting from molecular diffusion of
particles across the boundary layer are likely. Small particles, however, have small stopping
distances and so molecular diffusion probably controls their deposition rate. The stopping
distance concept has been further developed and used to predict deposition from aerosols
by Beal(5l

Brown'"' and Davies''0' both published work on deposition from aerosols. Davies
contributed expressions for deposition by eddy diffusion, and Brown developed a new
model based on these diffusion rates and the stopping distance concept, and also allowed for
the effect of surface roughness. Cleaver and Yates- have recently presented a new picture
for deposition from aerosols. In their view, eddies carry particles into the boundary layer as
before. However, the flow paths of the fluid in the eddy will curve while the particle's path
will be straighter when the surface is approached. If the particle remains in the area covered
by the eddy moving toward the surface, then the particle deposits. If the fluid carries the
particle into an eddy moving away from the surface, then the particle is entrained and does
not deposit.

If step one is rapid compared to step two. then the inertial coasting step in the
boundary layer determines the deposition rate.
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4.2 Comparison of the Data with Models of the Two Steps

Figure 14 compares the data with the mass transfer coefficient calculated from
equation (4). The "molecular" diffusivity of the particle was calculated from the Stokes-
Einstein equation:

37Tjltd

where K = Boltzmann constant
T = absolute temperature
H = absolute viscosity
d = particle diameter

The data are underestimated by equation (4), which is the lower curve calculated for 1.0 ptm
diameter particles. (This is the particle size most often seen on the tube surface.) The mass
transfer coefficient can only be raised by going to smaller particle diameters. The particle
size must be 0.04 ;um to agree with the data.

Clearly, the deposition coefficient cannot exceed the mass transfer coefficient. Since
the dependence of the deposition coefficient data on Reynolds number appears to agree
with that in equation (4), the deposition rate is probably mass transfer limited above a
Reynolds number of about 1 x 10s. Equation (4) was used well outside its range of
confirmation especially for Schmidt number, which is 2 x 106 for a 1.0 jum diameter
particle. This may account for the deposition rate being underestimated.

At low Reynolds numbers, however, the dependence of the mass transfer coefficient
on Reynolds number is too weak to account for the rapid increase in deposition coefficient.
Figure 15 compares the models of Bea l^ and Brown^ for the deposition process with the
data. Both models overestimate the data, but show the same strong dependence on
Reynolds number as do the data. Figure 16 compares the prediction of Cleaver and
YatesV' ' equation (12) with the data. Again, this modified inertial coasting model is
strongly dependent on Reynolds number.

All models of the inertial coasting step overestimate the deposition coefficient for
1.0 jum particles once the Reynolds number reaches 105. The mass transfer and coasting
steps are in series and the slower process determines the overall rate. This is shown in Figure
17. At low Reynolds numbers, say 104, the mass transfer process can potentially supply
many more particles than the inertial coasting step can carry across the boundary layer.
Therefore, the coasting step determines the deposition rate at low Reynolds numbers. The
reverse is true at high Reynolds numbers, say 10s. At intermediate Reynolds numbers, both
steps are comparable in rate, and the deposition coefficient is lower than expected from
either limit, as sketched in Figure 17. This is shown by equation (6), which relates the
deposition coefficient k to the mass transfer coefficient km and the coefficient kd for the
coasting step.

. . . (6)
k m + k d
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5. APPLICATION OF DATA TO DEPOSITION IN NUCLEAR POWER REACTORS

Heavy water flowing around the fuel bundles in the core of a Pickering G.S. reactor
has a Reynolds number of about 5 x 10s at 550 K. Based on the previous analysis, the mass
transfer of particles from the bulk water to the boundary layer should determine the
deposition rate. Table 1 shows how the mass transfer coefficient varies with temperature,
based on equation (4).

TABLE 1

EFFECT OF TEMPERATURE ON PREDICTED MASS TRANSFER COEFFICIENT

Temperature Normalized Mass Transfer Coefficient
K

298 1.0
373 1.8
473 2.5
573 3.1

Notes: (1) Reynolds number is assumed to remain constant.
(2) The mass transfer coefficient is corrected for density change (units of un-nor-

malized coefficient are kg/m2s).

If mass transfer controls the deposition rate, then this rate should rise with temperature, as
given in Table 1. This was observed in Figure 12, where the deposition coefficient rose when
the slurry temperature was raised from 298 K to 363 K, for the deposition of magnetite
onto Zircaloy-4. There are no data for the effect of temperature on the surface charge of
zirconium oxide. Therefore, it is difficult to know if electrostatic repulsion in the
magnetite/zirconium oxide system will continue to increase with temperature and perhaps
dominate the deposition rate of particles being brought to the surface at high temperatures.
However, the trend in Table I may also continue.

Figure 12 suggests that the deposition coefficient may be of the order 1 x 10"' kg/m2s at a
Reynolds number 5 x 10s and-a temperature of 550 K. There are no data for deposition on
other materials with which to make similar extrapolations to reactor water temperatures.

6. CONCLUSIONS AND SUMMARY

(i) Changing the tube material from nickel to Zircaloy-4 with only small changes in
tube diameter and surface roughness, reduced deposition rates fivefold.

(ii) The deposition rate varied directly with the particle concentration up to 400 mg/kg.
Beyond this concentration, doubling the concentration only raised the deposition
rate 1.5 times.
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(iii) For magnetite depositing on Zircaloy-4 at 298 K the deposition rate was reduced at
pH 10 with LiOH, compared to the rates at pH 4 and pH 7. Electrostatic repulsion
may have reduced the deposition rate.

(iv) Raising the slurry temperature from 301 K to 353 K raised the deposition rate of
magnetite particles onto Zircaloy-4 tubes at pH 10.

(v) Particle size was not changed directly in this work. A magnetite slurry which may
have been agglomerated with a magnetic stirring bar deposited no faster than a
non-stirred slurry.

(vi) The data may be interpreted by considering two steps in series for deposition. A
mass transfer step must carry particles from the turbulent core of the tube up to the
boundary layer. Then, an inertial coasting step carries particles across the boundary
layer to the wall. At high Reynolds numbers, >105 , the mass transfer step
dominates.
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8. NOMENCLATURE

B
Q _

D

d
£ _
f

g
H
k
Ko
K
P
R
r —

Re

T —
t
V

P
M

a constant
particle concentration in fluid (kg/kg)

pipe diameter (m)

particle diameter
energy factor

friction factor
gravitational constant (m/s2)

hydrostatic head (m)
deposition coefficient (kg/m2s)
deposition rate constant (kg/m2s)

Boltzmann constant, J/K

pressure (Pa)
gas constant

deposition rate of particles (kg/m2s)
DVp

Reynolds number =
M

temperature (K or °C)
time (s)

velocity (m/s)
density of fluid (kg/m3)

absolute viscosity (Ns/m2)
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