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ABSTRACT 

The deposition of sub-micron particles onto AGR fuel elements has 
been studied. ~lodelling of the deposition was achieved by using uranin 
particles in a full scale laboratory flow rig using air at ambient con
ditions instead of CO 2 at reactor conditions. The particles were 
produced by a well established atomizer-impactor method. Electron 
microscope analysis was used to determine the diameter of the particles 
which were moderately monodispersed. having mass-median diameter 
of 0.25 llm and 0.05 llm .... ·ith geometric standard deviation of 1.64 and 
1.47 respectively. A fluorimetric analysis was used to measure the 
mass of the particles deposited and the free stream particle concen
tration. 

The theoretical considerations showed that the particles which col
lide with the test surface must be captured. to confirm this an ex
perimental test showed no evidence for particle re-entrainment. The 
mechanism which is mainly responsible for the deposition process is 
that of eddy-diffusion resisted by the thermophoretic force in the case 
of heated surfaces. The theoretical approach was based on a rough 
surface model and used an established formula for the velocity of 
thermophoresis. 

The air flow was characterised for six different Reynolds numbers; 
the deposition tests were carried out for three of them, viz. 300000, 
60000 and 5000. The deposition tests were also carried out using a 
hydraulically smooth rod to obtain a comparison between the deposition 
rate onto the ribbed surface and those onto the smooth one. The 
smooth surface results could then also be used to compare the present 
study with published data. 

The experimental results for the isothermal rods show clearly that 
the deposition velocity of particles for the ribbed surface is much 
higher than for the smooth surface. especially at higher Reynolds 
numbers, this can be up to twenty fold at flow Reynolds number of 
300000. For both cases the deposition velocity increases as the flow 
Reynolds number is increased. The deposition velocity for smaller 
particles is higher than that of the larger ones. For the ribbed rod 
at higher flow Reynolds number the particle diameter has nearly lost 
its effect on the deposition velocity. 

For the heated surfaces, for both rods, the effect of thermo
phoresis on the smaller particles is less than that on the larger ones 
at the same surface temperature and flow Reynods numbers. For a 
given particle diameter and flow Reynolds number, the effect of 
thermophoresis increases as the surface temperature increases. The 
effect of thermophoresis reduces as the flow Reynolds number is in
creased and also reduces over the ribbed rod compared with its effect 
over the smooth one. 

Comparison of the experimental r(>sults with the available data of 
other investigators showed that the pres(>nt r(>sults are consistent with 
these earlier studies. 



Comparison of the experimental results with the values of the 
proposed theoretical model showed significantly differences for the 
smooth isothermal rod. Considering the surface roughness, which was 
measured using a Talysurf, leads to a good agreement between the 
theoretical values and the experimental results for the smooth rod. 
The calculation of the equivalent roughness of the ribbed rod failed 
to achieve an agreement between theoretical and experimental values. 
The factor of 0.1 had to use for scaling the equivalent roughness of 
the ribbed rod to align the theoretical values with the experimental 
data. 

Comparison for the heated rods showed a huge discrepancy between 
the theoretically predicted values and the experimentally measured 
results. A correction factor of 0.2 was used to scale the temperature 
gradient to fit the theoretical values with that experimentally obtained. 

Apart from the scaling factors, deposition calculations for typical 
AGR operating conditions were carried out which, in general terms, 
agree with the observed trends of the reactor operating conditions. 
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CHAPTER 1 

I:\TRODCCTIO~ 

§1.1. Preamble : 

Aerosol deposition onto surfaces is encountered in several industrial 

situations including spray dryers, atomisers, liquid fuel combustion 

chambers, gas cleaning, atmospheric pollution, and more recently and 

of particular concern to this project, in nuclear reactors. 

The reactor is that part of a nuclear power plant where the energy 

is produced from the fission process. An atom, on absorbing a neu

tron, becomes unstable and splits into fragments. Some of the matter 

in the original atom disappears in the process and is converted into 

heat and other radiant energy. This heat is used to produce the power 

of the plan t . 

The core of the reactor is essentially an assembly of fuel elements, 

control rods, coolant and moderator. The fuel elements contain the 

Uranium fuel. Spaces are provided between the individual fuel elements 

to allow for passage of the coolant. The coolant, which can be a gas, 

water or organic liquid material, removes the heat produced in the fuel 

elements. The moderator, commonly water or graphite. Is dispersed 

between the fuel assemblies. It serves to slow down or moderate the 

fast neutrons produced in fission. The lower velocities provides a 

better opportunity for the neutrons to cause further fission. The 

control rods are made of a neutron absorbing material and upon 
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movement in or out of the core, vary the number of neutrons available 

to maintain the chain reaction, therefore, the rate of fission can be 

controlled. 

One of the unusual features of the nuclear reactor is that there 

is no theoretical upper limit to the rate of energy release due to the 

fission process. In practice, however, the maximum power level of a 

reactor is normally determined by the rate at which energy can be 

removed. The heat transfer from the fuel elements to the coolant can 

be improved by increasing the coolant area and/or the coolant channel 

volume. The addition of a coolant to the core to increase the heat 

removed disturbs the nuclear characteristics of the core and since the 

coolant can absorb neutrons and possibly becomes radioactive, it is 

highly desirable to keep the volume of the coolant to a minimum. In 

the interest of minimising pumping costs, a high velocity coolant flow 

is also undesirable. 

§1. 2. Advanced Gas-Cooled !\uclear Reactor : 

In the advanced Gas-Cooled ~uclear Reactor (AGR) the fuel is 

contained in small diameter fuel rods which are held, approximately J 

equispaced in circular channels within the core of the reactor. The 

surface of these rods are machined to produce transverse ribs closely 

spaced along the length of the rod. The purpose of the ribs is to 

increase the heat transfer from the surface of the fuel rods by gen

erating turbulence near the surface which destroys the structure of 

the boundary layer and prevents the formation of the viscous sub

layer. 
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The shape, size and spacing of these ribs is important. After ex-

tensive experimental work by Wilkie, [1], a pitch to height ratio of 

7.2 has been chosen for the AGR fuel element rods. Fig. 1.1 shows 

a flow channel configuration in which 36 ribbed fuel rods are contained 

within a graphite sleeve. This configuration is used in conunercial 

nuclear reactors in the C. K. The obvious drawback of this roughening 

is that it also increase the surface friction factor, and hence the 

pumping costs. 

The coolant used in the experimental Windscale AGR nuclear reactor 

is carbon dioxide gas and the moderator is graphite. The coolant 
o 

leaves the reactor at about 600 C and 19.6 bar. Fig. 1.2 shows the 

typical distribution of clad surface temperature and the coolant tem-

perature along the fuel rods [2J. 

§1.3. Carbon Deposition in the AGR : 

Carbon deposition has been observed in the AGR on the cladding 

of the fuel elements and on the fuel sleeves, Fig. 1.1. Two distinct 
o 

types of deposit have been noted, the first at about 630 C clad tem-

perature known as low temperature deposit (LTD) and the second 
o 

about 700 C clad temperature known as high temperature deposit 

(HTD) . 

It was proposed that the low temperature deposit was produced by 

the following mechanism [3]: 

(i) Circuit materials generated iron carbonyl (Fe (CO)s) 

and possibly some nickel carbonyl (Ni(CO) It). 

(ii) The carbonyls are rapidly destroyed in the hot gas and lead 

to formation of fine metallic particles. 
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(iii) The fine metallic particles act as centres for the condensation 

of a long lived product of the radiolysis of methane in the 

space under the core. 

(iv) The particles of about o. 2 ~m diameter, or small aggregates 

of them, are deposited onto the fuel elements by eddy

diffusion impaction resisted by thermophoretic forces. 

(v) The particulate deposition may be subject to re-entrainment 

in high flow channels where turbulent bursts take place and 

possibly overcome the particle- surface adhesive forces. 

In the event of the spaces between the roughness elements being 

filled by the deposit, the beneficial effects of roughening are soon 

lost. There are two reasons for this: firstly, the material forms an 

insulating layer and secondly, the level of turbulence in the flow is 

reduced as the surface becomes more smooth. 

§1.4. The present work 

The aim of the work reported in this thesis is to study the depo

sition of sub-micron particles onto an AGR fuel rod surface. This 

study has been approached from two directions: firstly, by developing 

a theoretical model to describe the particle deposition process. This 

has required a determination of the mechanisms which contribute to 

the deposition process and a review of some aspects of particle 

behaviour such as collision with the surface and re-entrainment. 

Secondly, an experimental study has been carried out in the laboratory 

to obtain data to complement the theoretical approach. 
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The experimental work has involved the use of an air pipe flow rig 

into which sub-micron aerosols \I."ere injected" The procedure of the 

experimental work took the follo\dng steps: 

a- Calibration of the particle generator to produce particles with 

diameters, of 0" 25 and 0" 05 ~m. These were considered to be part

iculary sensitive to thermophoretic effects" 

b- Establishment of the aerodynamic performance of the pipe flow rig 

by means of a hot wire anemometer to measure the velocity and 

turbulence intensity of the flow through the channel. The skin 

friction factor for a smooth surface was determined by using 

Clauser's technique, [4] I and by Preston tube measurement, [5]" 

The technique of Perry and Joubert, [6], was used to determine 

the friction factor for the regular ribbed surface. 

c- To assess the effect of thermophoresis over the ribbed and the 

smooth surfaces, both were heated. The technique used was that 

of electrical resistance heating" The tie rod which was used to 

assemble the sections of the test rod was heated and three tem

perature distributions for both smooth and ribbed surfaces were 

considered at constant flow conditions" 

d- Deposition tests were carried out to obtain a complete picture of 

the effect of the variable parameters, i. e. the surface roughness, 

the surface temperature, the flow Reynolds number and the particle 

diameter. 
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§ 1. 5. Aerosol Particle Generation, Size Control 

and Sampling 

§ 1. 5. 1. Choice of particle material : 

The simulation of any deposition phenomena in the laboratory re

quires that particles be generated at a constant rate and with a con

trolled size distribution. Then they have to be injected into the air 

stream, from which they will deposit onto the test surface. 

The generator must have the ability to produce particles at a suf

ficient rate and in steady state conditions during the experiment. 

Also it must be easy to work with and be economical. 

There are also some technical, economical and health considerations 

for choosing the material of the particles. Firstly, it must be dissolved 

easily in pure water. Secondly, the particles after the deposition 

process, must be stable from the physical and chemical point of view. 

The material must not react with the surface or be absorbed by it. 

Thirdly, during the preparation it may be dispersed into the air, 

therefore, it must not be toxic or radio-active or harmful. Finally, 

it must be available in any required amount. 

Wohers et aI., [7), and Whilby et aI., [8], discussed the advan

tages and disadvantages of some suitable materials from the technical 

and economical point of view. It was concluded that a suitable material 

would be the fluorescent dye sodium derivative of fluorescein which 

is known technically as uranin. 
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This material has already been used in the simulation of fog droplet 

deposition onto a low-pressure steam turbine blade , [9 - 13), and it 

was therefore decided to use uranin for the simulation of particle de

position in the nuclear reactor. 

The sub-micron particles have a very minute mass and even after 

the deposition process onto the surface, the accumulated mass is still 

very small. Therefore a very sensitive technique for tracing and de

tection is required. A sensitive and efficient technique to achieve this 

purpose is fluorimetric analysis which is already available in the lab

oratory of the ~techanical Engineering Department at the University 

of Liverpool. 

§l. 5.2. Generation of particles by condensation methods : 

The particles could be generated by either of two main methods 

which are condensation or dispersion. In the condensation process 

clusters of molecules come together to build up particles of colloidal 

dimensions. In dispersion methods a substance initially in bulk or in 

a state of relatively course sub-division is further split up into fine 

particles. 

The conditions necessary for the formation of uncoagulated aerosols 

are more complicated in condensation processes. Evidently. the for

mation of all aerosol particles should occur under completely identical 

conditions, in particular, the supersaturation should be the same over 

the whole volume where condensation takes place. When conventional 

methods of generation of condensation aerosol are used, for example, 

by cooling a hot vapour-gas mixture in a heat exchanger, or by mixing 

it with a cold gas, differences in the degree of supersaturation at 
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different points in the gas stream are inevitable and affect adversely 

the monodispersity of the aerosols formed. ~tore details about the 

condensation methods are discussed by Fuchs and Sutugin, [14], and 

by Green and Lane, [15]. 

§ 1.5.3. Generation of monodisperse aerosol by dispersion methods : 

The widely differing dispersion methods of generating monodisperse 

aerosols can be divided into the following three groups: 

a- Atomisation of liquids. 

b- Atomisation of solutions. 

a - Dispersion of powders. 

a - A tomisa tion of liquids: 

The principle of atomisation is that under the action of hydraulic 

pressure or a centrifugal or aerodynamic force, the liquid is drawn 

into narrow ligaments or films which subsequently disintegrate into 

droplets under action of surface tension. The mean sizes of these 

droplets generated by these methods are greater than 1 \.lm diameter. 

For the present study it is solid aerosols that are required. 

b- Atomisation of solutions.: 

If the liquid in the previous method is replaced by a solution of 

substance, solid particles can be produced by subsequently drying 

the mist of the atomiser output. The main control of the particle size 

would be achieved by altering the strength of the solution. Some of 

these methods and the corresponding apparatus are as follows: 
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1- A tomiser- impactor: 

The principle of this technique has been developed by Whitby et 

aI., [8]. The main idea is that smaller aerosols having narrower size 

distribution could be obtained by using impacting surfaces with the 

atomiser. Standard British Collison atomisers were used with a sharp 

cut-off impactor and moderately homogeneous aerosols were obtained 

having mass-medium diameters in the range of 0.01 lim to l. 0 lim with 

geometric standard deviations (" ) < 1. 5. The diameter of the particles 
g 

produced can be controlled by changing the solution strength, and/or 

the gap of the impactor plate, and/or the pressure of the compressed 

air. 

This technique has already been used successfully by a number 

of investigators, [9 - 13], and it was used in the present work with 

some changes in the atomiser dimensions to suit experimental condi-

tions. 

2- Spinning Disc Atomiser: 

To extend the range of the particle diameters produced, another 

method of atomisation can be used, which is the spinning disc 

atomiser, in which homogeneous particles can be obtained over the size 

range from about 0.5 to 30 lim with a geometric standard deviation of 

"g < 1. 1. Three models of this technique were developed by Whitby 

et aI., [8]. 

The atomisation is achieved by a continuous slow feeding of the 

solution onto the centre of a sharp-edged, rotating disc. The solution 

is spun off as a mixture of primary homogeneous droplets," :: 1. 1 
g 

and moderately homogeneous followers,,, = 1.8. The followers have g 
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a particle size of about one-fourth that of the primary droplets, and 

are several times more numerous. Consequently, after separation and 

evaporation, either the primary or the followers may be used as an 

aerosol. 

Particle size could be controlled by altering the solution strength, 

and/or the feed rate, and/or the disc size and its speed. 

3- Vibrating Orifice monodisperse aerosols generator: 

This technique was designed by Bergland and Liu, [16], by which 

monodisperse aerosols of a size from approximately 0.5 to 50 llm di-

ameter could be produced with an average geometric standard deviation 
nearly 

about 1.0. The particle diameter is calculable from the generator op-
• 

erating conditions. A brief sununary of this generator and its parts, 

and operating condition was described by EI-Shobokshy, [11]. 

c- Dispersion of powders: 

Powders with any required degree of dispersity could be prepared 

depending on the spending of time and costs. The main disadvantages 

of this method are the great difficulty for dispersing particles less 

than 1 llm and the presence of moisture in the powders impairs their 

dispersion considerably. 

§ 1. 5 . 4. The particle gene ra tor : 

Making a comparison between the previous aerosol generation 

methods, it can be concluded that the most simple and suitable one 

for studying the deposition of sub-micron particles is the atomiser-

impactor developed by Whitby et aI., [8] . Full details of the 

atomiser-impactors, their operating conditions and arrangements were 

given by Parker and Ryley, [9], and by Parker and Lee, [10]. 
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It was found necessary to modify the original atomiser by increasing 

the distance between the inlet of the solution and the outlet of the 

spray to investigate the time dependance in the experimental work. 

Also four atomiser units were used with two impactor plates assemblies 

to increase the final output produced from the generator. After much 

trial and error, it was found necessary to adjust the impactor plate 

gap to be equal to 1.8 mm. 

The main side-effect of the atomisation process is that the droplets 

produced are electrically charged. This electric charge will be con

served while the droplet evaporates until it becomes a small particle 

having a high charge-mass ratio, which has a considerable effect on 

the deposition process. To overcome this problem an ion generator, 

described by Whitby, [17], was used. The ion generator produces a 

highly concentrated sonic jet of positive and negative ions, which are 

mixed with the aerosol cloud from the atomiser-impactor and, there

fore, the electrical charges resulting from atomisation process are 

neutralised. 

The cloud then, passes through a holding chamber, (see Fig. 4.1) 

in which the cloud is held for a short time to allow charge equilibrium 

to be established, and the evaporation process to be completed. From 

the holding chamber, the particles were injected into the main inlet 

box of the wind tunnel through a 4.0 cm delivery pipe. A two-way 

valve was fixed between the holding chamber and the inlet box, so 

that the particles could either be injected into the inlet box or ejected 

from the laboratory. 
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§1.5.5. Particle size Measurement: 

There are many methods for particle size measurement. The general 

classification of these methods depends on the technique used in the 

measurement. AI- Azzawy, [13], gave a short summary of some of these 

methods. After reviewing these methods. the technique of Electron 

Microscopy was found to be the most suitable and useful one for the 

range of particles which were produced for this simulation study. 

especially since it is applicable to particle sizes from about 0.001 to 

10 llm. 

This technique has been successfully used by previous investi

gators in different ways. Parker and Ryley. [9]. obtained the samples 

by passing the aerosol cloud over 3mm diameter electron microscope 

grids covered with a thin support membrane of Collodion. Parker and 

Lee. [10J. drew the sample iso-kinetically and passed it through a 

"Millipore" filter (0.01 llm pore-size), then the filter was shadowed 

with gold palladium followed by a coating of carbon. The central part 

of the filter was then sub-divided into 1 mm squares and the cellulose 

ester dissolved away in acetone leaving the carbon layer carrying the 

particles floating on the acetone surface. Finally the carbon layer was 

picked up by the microscope grids and left to dry to be ready for 

electron microscopy. 

EI-Shobokshy. [11 J. prepared the samples by collecting the aerosol 

particles on a 75 mm )( 25 nun glass slide. which had been coated with 

a thin layer of hard grade carbon, by evaporation. and a small amount 

(about 1 mg) of paraffin wax to ease the removal of the carbon film. 

The samples were obtained by placing the glass slide axially in the 
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aerosol output pipe at a position between the holding chamber and the 

point of injection into the tunnel. A shadow process was used after 

that to improve the appearance of the particles under the microscope 

and to give the third dimension of the particle. The carbon film was 

taken off by dipping the glass slide at an angle, gradually into a 

petri - dish containing some de- ionized water. Sections of the film were 

then caught on 3 mm diameter electron microscope grids using very 

fine tweezers. The grids were left to dry and then taken to the 

electron microscope for analysis. The same technique was used by 

Davies, [12], and AI-Azzawi, [13]. 

The procedure used in the present work is summarised as follows: 

The glass slide, 75 mm x 25 mm, is washed by tap water with a 
In 

detergent, then washed again by boiling de-ionized water, finally it . .... 

is cleaned using ultrasonic apparatus. Before placing the slide axially 

in the pipe from the holding chamber, it is cleaned again by an air 

jet to insure that it becomes completely free of dust. 

Starting with the operating condition recommended by El-

Shobokshy, [11], the atomiser-impactor was calibrated using the 

scanning microscope. After collecting the aerosol on the slide, the 

slide was coated by gold and then examined using the scanning 

electron microscope. After many attempts, the operating conditions 

which gave the required particle sizes were found so that the pressure 

of the air to the atomiser was at 40 psi = 2.8 bar, while the air to 

the ion generator was at 30 psi = 2.0 bar and the gap of the impactor 

plates were 1.8 mm. These air pressures are the same as those re-

commended by Whitby et al., [8]. 
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Due to the limitations of the scanning microscope, a transmission 

microscope was used to get a better image of the particles. For this 

microscope, the particles are collected on the glass slide and after 

that, the shadowing process takes place using a platinum wire before 

the coating process with carbon. The shadowing and coating processes 

were described in detail by El- Shobokshy, [11 ] . 

The carbon film is cut into small squares (less than 3 mm x 3 nun), 

then the slide is dipped gradually into a petri-dish containing de

ionised water, the squares of carbon film lift from the slide and float 

on the water surface. The carbon squares are transferred to another 

dish containing de-ionized water to ensure that all particles are dis

solved from the film which now contain the impression of the particles. 

This process is called a "replication process". Finally the squares are 

picked up by a microscope grid using very fine tweezer and left to 

dry for electron microscope analysis. Two photographs show the par

ticles produced from 5 percent and 0.2 percent of uranin solutions in 

plates 1 and 2 respectively. 

§l. 5.6. Statistical analysis : 

The particles produced by the atomiser-impactor generator are 

moderately monodispersed. It is necessary to use a statistical method 

to calculate the degree of particle dispersion by determining the mean 

diameter and the geometric standard deviation. Statistical methods give 

several kinds of the mean diameter, such as arithmetic, geometric, 

number, surface-volume and mass-median. Among these kinds, the 

mass-median diameter is of most interest since it is the mass of the 

particles which influence the deposition process. The mass-median 
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diameter is the diameter which divides the mass contained in the 

samples into two equal parts. 

Distributions of polydispersed particles are not in a normal 

(Gausian) form. The curves are usually right skewed, increasing 

rapidly at the lower-size and decreasing gradually at the larger-size. 

Drinker, [18], and Loveland and Trivelli, [19], have shown that 

the asyrrunetrical or skewed frequency curves of ploydispersed parti-

cles can, in general, be transformed into syrrunetrical curves following 

the normal probability curves, when the logarithms of the sizes are 

substituted for the sizes themselves. In this case, the geometric mean 

diameter is a measure of the particle size, and larger and smaller 

particles will be distributed equally about its value. 

The equation of the log-normal probability curve may be expressed 

in the following form: 

fed) = 
I2iT In C1 g 

exp{ -
2 (In d - In dg) 

2 
2 In C1 g 

} (1.1) 

where fed) is the frequency of the particles observations with diameter 

d, rn the total number of the particles, d is the geometric mean di
g 

ameter defined by: 

r n,log d 

r nj 

and a is the geometric standard deviation given by: 
g 

(1. 2) 
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log a = g 
r nj (log d - log dg)2 

.; 
r ni 

(1. 3) 

The size of the particles were obtained from the photograph taken 

by the microscope, by a simple and convenient method. Using a 

transparent plastic circular template provided with holes having di

ameters from 1 mm to 10 mm, each photograph was scanned and the 

particles counted and assessed by comparison with the holes. The 

actual size range was determined by dividing the observed range in 

millimetres by the magnification of the photograph. 

If the cumulative percentage of number and mass of the particles 

up to various stated sizes are plotted against the diameter on a 

logarithmic-probability paper, straight lines should theoretically be 

obtained for each case. The scale of ordinates is graduated according 

to a normal probability distribUtion, while the abscissae is logarithmic 

as shown in figures 1. 3 and 1.4. 

The geometric mean diameter can be obtained by reading the di-

ameter corresponding to the intersection of 50 percent on the proba-

bility scale with the number line, while the mass-median diameter can 

be obtained by reading the diameter corresponding to the intersection 

of 50 percent on the probability scale with the mass line, as shown 

in figures 1. 3 and 1. 4 . 

Table 1.1 shows the analysis performed for particles produced from 

5 percent of uranin solution. The "number line" is plotted using the 

values in columns 2 and 6 from table 1. 1, while the "mass line" is 

plotted using the values of the columns 2 and 11 from the same table. 
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The geometric standard deviation can be obtained from the same 

graph by reading the values of number diameters corresponding to 

the probability of 84.13 and 50 percent respectively, and substituting 

in the following formula: 

(J = 
g 50 percent size 

84.13 percent size 
(1. 4) 

Hatch and Choate, [21], considered the frequency of particles 

between two diameter d 1 and d 2 as differing infinitesimally according 

to the equation: 

fed) = 
r nj 

r2Tfln (J 
g 

exp{ -
(In d - In dg)2 

} )( 

2 
2 In (J g 

(1. 5) 

and derived a simple mathematical expressions for the arithmetic mean 

diameter and the mass-median diameter, as a function of geometric 

mean diameter and geometric standard deviation, in the following form: 

(1. 6) 

log d 3 = log d 3 + 10.363 log2 (J 
mm g g 

(1. 7) 

where d Is the arithmetic mean diameter, and d Is the mass-median m mm 

diameter. The calculation of particle characteristics are shown in 

Appendix A according to Hatch-Choate equation. 

The Gaussian frequency distribution has been plotted In figures 

1.5 and 1.6 using the values of columns 1 and 3 from table 1.2 and 

1.4 respectively. values of columns 1 and 5 could also be used to 
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plot cumulative percentage number on a logarithmic-probability paper 

to get the geometric mean diameter and evaluate the geometric standard 

deviation. 

The previous analysis was carried out for the particles produced 

from 5 percent and 0.2 percent of uranin solutions. 
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CHAPTER 2 

GEKERAL SeRVEY 

§2.1. Deposition ~Iechanisms 

In turbulent fluid flow contaminated with particles, the particles 

are transported rapidly through the turbulent core into the buffer 

region by eddy diffusion. The overall deposition rate, however, is 

governed by the mechanism by which the particles penetrate the 

laminar sub-layer, since there the eddy diffusion coefficient becomes 

negligible. 

For small particles the final penetration is by Brownian diffusion. 

This was confirmed by Wells and Chamberlain, [22], who showed that 

for sub-micron particles the mass transfer coefficient versus Schmidt 

number relationship fell on the same straight line as that obtained for 

molecular sizes. 

As the particle size increases, the Brownian diffusion coefficient 

reduces, and so does the deposition rate. However, the inertia of a 

particle increases with the size, and hence, provided the particle is 

projected towards the surface with sufficient velocity, its inertia will 

allow it to coast through the laminar sub-layer. In this inertial regime, 

as Friedlander and Johnstone, [23], first showed, the deposition rate 

increases with the particle size. 
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In fact, Lui and Agrawal, [24], showed that the transfer coefficient 

changes fairly abruptly to a slow falling value with respect to particle 

size. This is because as the particle size increases, the inertia becomes 

so large that the particles cannot attain the eddy velocity during the 

time they are caught up by an eddy and, in consequence, the depo-

sition rate falls more and more rapidly. The previous description is 

shown in Fig. 2. 1 after Gardner, [25]. 

The deposition rate of particles from turbulent flowing fluid to a 

solid boundary is often presented, for both prediction and exper-

imental results, in a nondimensional form 

(2.1) 

.:' 
where V = V lu,:, is the deposition velocity non-dimensionalised relative 

to the fluid friction velocity u.:' where u,:c = It 0 I p is the fluid shear 

stress at the solid boundary and p is the fluid density. 

The deposition velocity is the particle mass transfer rate, N divided 

by the mean or bulk concentration of particles coin the flow. 

v = 
Co 

(2.2) 

The independent variable, t is the relaxation time for particles 

subject to aerodynamic resistance in the Stokes drag regime, 1. e. 

where the Reynolds number based on the particle diameter is of order 

unity or less, and is given by: 
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t = (2.3) 

It is made dimensionless as 

1 
t = t = (2.4) 

v 18 p v 

where Pp and d p are the particle density and diameter respectively. 

l..l and v are respectively the fluid dynamic and kinematic viscosity. 

This implies the assumption of spherical particles. but for other shapes 

it is usually possible to assign an effective spherical diameter. 

* * If V' is plotted as a function of t the results fall into three de-

position regimes as the classification according to the particle size. 

For very small particles (t ~ 1) Brownian diffusion becomes sig-

nificant and deposition is effected by a combination of Brownian and 

eddy diffusion. The theory proposed for this regime by Davies. [26]. 

gives 

'J 3 CD v)-
::: 

V = (2.5) 

1 (l+rb)2 1 2¢-1 IT 
14.5[-ln --- + tan -1 -- + 

'J 

6 l+¢+rb'" .; 3 .; 3 6 /3 

where ~ = 1!(2.9(OIv)1!3]. The particle diffusivity. D can be given 

by the Einstein equation: 

o = 
kB T 

3 IT l..l d 
p 

(2.6) 
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-23 
where kB is Boltzman's constant (1.38 X 10 J/K) and T is the ab-

solute gas temperature. 

-1 ~, 

For 10 < t < 10, which would represented particles 1 to 10 llm 

diameter in the case of common salt particles in air for example, the 

deposition follows a law termed the eddy diffusion-impaction regime 

by Gardner, [25]. 

It was proposed by Friedlander and Johnstone, [23], and Davies, 

[27], that the mechanism in this regime involved the particles ac-

quiring velocities towards the surface induced by the turbulent eddies 

in the turbulent core and buffer layer, and then coasting across the 

viscous sub-layer to the surface as a result of their inertia (inertia 

coasting model). 

Owen, [28], gave results of an analysis which was stated to be 

consistent with the concept of turbulent " bursts " which were ob-

served by Kline et a!., [29], to erupt sporadically from the viscous 

sub-layer. The particles would be carried to the wall in the " down-

ward sweeps " of new fluid which follow the bursts. The law sug-

gested by Owen is of the form 

(2.7) 

where K 1 is a constant. This expression agrees well with experimental 

data. 

* For t ~ 10, the results no longer follow the law of Owen, but tend 

to an almost constant value of being subject to a reduced rate of 
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transport across the turbulent cor(l. This IIparticle inertia -moderate n 

regime has been considered by Hutchinson et al., [30], and by Reeks 

and Skyrme, [31]. 

§2. 2. ~lass Transfer Equation 

The theoretical treatment has generally been based on the diffusion 

model in \'v'hich the particle flux is expressed in terms of particle 

diffusivities and concentration gradient. Thus 

~=(D+E 
P 

or in dimensionless 

D E 

* P 
V = (- + 

v v 

where 

* V 
V = u,;, 

~, u,:, 
y = y 

v 

and 

::' c 
c = 

Co 

dc 

dy 

form: 

',' 

dc 
) .'. 

dy 

(2.8) 

(2.9) 

Friedlander and Johnstone, [23], were among the first to develop 

a major theory using thi!O approach. They derived a free flight theory 

for particle deposition. The basic idea of their theory was that the 

turbulent eddies carry the particles in the radial direction in the pipe 

flow. These particles reach the region near the surface through tur-
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bulent diffusion and are consequently projected through the relatively 

stagnant fluid next to the surface boundary independently of the fluid 

motion, having gained some specified initial velocity. 

They introduced the concept of stopping distance: the distance a 

particle with a certain momentum will travel into the essentially laminar 

region with the help of the turbulent fluctuations. Thus the stopping 

distance, s, is given by 

(2.10) 

and in dimensionless form it takes the form: 

s = s -- (2.11) 
v 

The free flight particle velocity, v t was assumed to be equal to the 

root mean square radial fluid velocity, for which they considered the 

experimental data of Laufer, [42], and assumed that it was inde-

pendent of the position at \,,'hieh a particle was considered to start its 
... 

free flight. In their analysis the assumed that v t = 0.9 for all particle 

sizes. 

Also Friedlander and Johnstone assumed that the turbulent 

diffusivity for the particles, £ is equal to that of the flUid, £. The 
p 

variation of £ Iv with the distance y from the surface was obtained 

for turbulent pipe flow by Lin et aI., [33], for the viscous sub-layer 

and the buffer layer. 

Considering the surface to be a perfect sink for the particles the 

final equations of their theory expressed in dimensionless form are: 
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1 1 15~J 
',' 

= + - SO.6 s < S (2.12) ::t >,' 

V .; f/2 s 

1 1 10.08 ~: 

= - 13.75 + 5 In 5 ~ s ~ 30 (2.13) ,~ 

* V .; £/2 s - l. 918 

1 1 ~:, 

= s > 30 (2.14) ':: 
V .; £/2 

In this theory many original ideas were developed and it is widely 

used in design calculations even today. However J it has some defi-

ciencies; such as: 

i) It was implied that the free flight velocity starts at a distance 

/'= 80 from the wall and the flow was assumed to be fully 

developed and turbulent. At that distance J the particles are still 

in the turbulent core and hence the constant value of v twas 

unrealistic. 

ii) The derivation of the deposition rate equation did not account for 

molecular particle diffusion. 

iii) All the final equations of the theory are functions of the Fanning 
,', 

friction factor J f J suggesting that V' increased with f. Hence 
.'. ',' 

V would be expected to increase as flow Reynolds number 

decreases J which is contrary to reality. 

§2. 3. Eddy Diffusivity 

One of the basic assumption ,,,'hich Friedlander r.nd Johnstone, [23] J 

made was that the diffusivities of the particles and the fluid are 
is 

identical. The turbulent eddy diffusivity, £ (which an empirical pa
.A 

rameter and, unlike other diffusivities J is a fluid property), varies 
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\'y'ith the distance from the surface. According to Lin et al. I [33]. this 

variation follows different laws for the three parallel fluid layers with 

different turbulence characteristics. and is expressed in the following 

form: 

* E Y )3 = ( --v 14.5 
y ~ 5 (2.15) 

=:c 
E y 

= -- - 0.959 
v 5 

(2.16) 

::~ 

In the turbulent core. where y > 30. Friedlander and Johnstone. 

[23]. used the Reynolds analogy. i. e. the mass flux divided by the 

concentration gradient is equal to the momentum flux divided by the 

velocity gradient. In symbolic form: 

to / p 
= (2.17) 

dc/dy ) du/dy 

Owen. [34]. obtained the following expressions for the eddy 

diffusivity based on the data of Laufer. [32] : 

£ ::c 
)3 = 0.001 ( Y o < y < 5 (2.18) 

v 

£ ::::: 

= 0.012 ( y 
') 

- 1.6 ) .. 5 < y < 20 (2.19) 
v 

£ =:c 

= 0.4 ( Y - 10 ) y > 20 (2.20) 
v 
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Da\'ies, [27J, derived an empirical equation for the eddy diffusivity 

coefficient related to the distance from the tube surface in the fol-

10\dng form: 

:;: a 
y ) 

E 
= 

V ') ~ 107 
10

3 ... :l x b ( ) 
Re 

(2.21) 

..... ·here 
0.8 

'.' 

a = 4.0 - (y ) 

y 
b = 

and is valid for 

',' 

0.05 < Y < 50000 

'" 

0,05 < y < 500 

Davies claimed that this equation gh:es \'alues of turbulent eddy 

diffusivity close to those of the equations of Lin et al., [33], when 

y is small, and in agreement \dth the values of E I 
v 

calculated from 

the \'elocity measurements made by Laufer, [32], using hot wire 

anemometer over the ranges: 

>:< 
10 < y -: 10000 

50000 < Re < 500 

Davies questioned the validity of the assumption of Friedlander and 

Johnstolle that the terminal \'plocity of the particle \~'as constant. 

V;ithin th(' laminar sub-layer it \,'ollld rapidly decrease as the wall is 

approached, He reprl'sl'ntpd thp (>xperim('ntal data of Laufer, [32], 

fOl' the r .Ill. 'i. radial air v{\locity by ttl£' expression: 
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',' y 
\" = (:~.22) 

10 + y 

Thus Davies extended the concept by evaluating the terminal ve-

locity v t' at ""'hich the flight started, i. e. at y = s+r p' which yields 

an implicit solution for the terminal velocity of the particle in the form: 

10+r 
p 

,;e ) + 

t 

1 
(1 -

4 

* ,;, 
10+r r 
--,-:-=:t-) 2 + ~ (2.23) 

t t 

Although the modified approach of Davies sounds logical, the re-

suIting analysis and the experimental data showed a disagreement by 

at least two orders of magnitude for particles greater than 1. 0 llm, 

but a quite good agreement for smaller particles. This fact has been 

remar ked upon by Wells and Chamberlain, [22], and Beal, [35], al-

though they compared Davies' theory with their own in which v t 
):( 

was taken to be 0.9, the same as Friedlander and Johnstone. 

Rouhiainen and Stachiewicz, [36], questioned the assumption that 

the particle diffusivity was the same as that of the flUid, and con-

cluded that it is reasonable for sub-micron particles but becomes 

questionable for particle sizes for about 1 llm and is shown to be 

completely untenable for 30 llm particles. 

Sehmel, [37], developed a theoretical model to describe effectively 

the turbulent deposition of particles by recalculating the particle eddy 

diffusivities and the free flight velocities from the available deposition 

data. He assumed that the particle transport is caused solely by ef-

,'c '::: 

fective eddy diffusivity, and correlated it as a function of y' and t 

as follows: 
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E 
',' P (y'~) 1.1 ,;, 1 1 

= 0.011 ('r ) . Y < 20 
v 

E p !:~ ',' 

= 0.4 y y > 20 
v 

/5 

and it valid for vertical smooth surface for the range of 
) 

0.7 < d < 14 ~m 
p 

(2.24) 

(2.25) 

Also, he correlated the free flight velocity using a least squares 

method as: 

(2.26) 

The latter equation appears to contradict the intuitive idea that 

should vary with t , for as t decreases one would expect the 

particle to detach itself from the eddy closer to the wall and conse-

quently possess a smaller v t 

Sehmel, [38], applied his method to horizontal duct flows con sid -

ering the effect of gravity on the deposition and concluded that the 

effective particle diffusivity, Ep/ v' to a horizontal smooth surface is 

greater than along a vertical one, and for both cases the particle ef-

fective eddy diffusivities are much greater than the air eddy 

diffusivity. Although Sehmel believed that these greater values of 

particle eddy diffusivities would reconcile the higher deposition ve-

locities displayed by most authors, he also obtained with his limited 

experimental data the same scatter as before [12]. 

Liu and Bori, [391, proposed a model for calculating the effective 

particle diffusivity. E in the boundary layer of turbulent flow. Their 
p 

model is based on the analogy bet\\'een the diffusion of particles caused 
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by Brownian motion and that caused by fluid turbulpnce and calculated 

that: 

2 e: = e: + v' '! 
P 

( ') ')~) 
- ... 1 

.. ,;here v' is the r.m. s. fluctuating velocity of the fluid in the direction 

normal to the wall and'! is the particle relaxation time. However, these 

differences seem to be important only in the particle inertia-moderated 

regime. 

Kneen and Strauss, [40), made an analysis of the available the-

oretical and experimental results together with their correlations. It 

was concluded that the deposition rate of fine particles onto a smooth 

surface from a turbulent gas flow, in the absence of external forces 

acting on the particle, could be described by the equation in the 

following form: 

where s is the dimensionless stopping distance. 

They confirmed their predicted equation by experiments which in-

dicated that the range of application was approximately from 0.5 to 
.,. 
',' 

50 llm particle diameter and the range of 0.3 < s < 8. The corre-

sponding ranges for other variables were not shown. To fit their 

scattered experimental results. they used the least squares criterion 

and expressed their predicted equation in the following form: 

v = 
Yo' 2 

( s ) 

2140 
(2.28) 
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In an attempt to de\'elop a comprehensive model to predict the 

deposition yelocity in turbulent flow ranging from molecular size up 

to nearly 100 11m, Beal, [35], used equations(2,15), (2,16) and (2.17) 

with the assumption that the particle mass flux, X is varying linearly 

from the wall to the centre line of the channel or pipe, i. e. 

~ = \"0 ( 1-
2y 

d 

where ~ 0 is the particle mass flux in the wall region, 

,', ", 

He also postulated that the concentration at y =s +1' 

(2.29) 

P 
was not zero 

contrary to Friedlander and Johnstone's assumption, Considering that 

the radial velocity of particles consists of two parts, a component due 

to fluid motion normal to the wall and another due to Brownian motion 

of the particle itself, i, e, 

+ v 
B (2.30) 

Beal represented the first component from the data of Laufer, [32], 

by h.,'o straight lines: 

':= ',' 
,', ", 

v
f = 0,05 Y 0 ~ Y ~ 10 (2.31) 

',' ',' ::.:: 

v
f = 0,5 + 0,0125 (y - 10) 10 ~ Y ~ 30 (2.32) 

and df'terrnined the Bro\~'nian motion velocity as 

v = B 

kB T 1/') 
-j ~ 

21Tm 
u,;, (2.33) 

Beal deri\'ed his model for three ,'egions as follo,~'s: 
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o ~ S ~ 5 , 

* V 

v 

':: 
S 

.'. 

V 

= 
2'3 >,~ (14.5)2 1/3 

14.5 Se' F(Sc,s) - ':' Sc 
l:t 

G(Sc,s ) 
1. 5d 

P 

50 ] I 1 + 5.04 Sc) 
+ [5 + ,:,(1 - 0.959 Sc) n(1 + 0.04 Sc 

Se d 
p 

_ 250 + 1 - 13.73/f/2 ]-1 

d ':' If/2 
p 

(2.34) 

1 + 5.04 Se 10 = [ 5{[1 + ':' (1 - 0.959 Se)] In ::' 
Se d 

p 

,,~ 

10 ~ )} - ~,(6 -
d v 

p 

~ 30 , 

1 
= 

1 - 13.73 1£/2 

1 - 13.73/f/2 
+ 

1£/2 
1 

1 + Se( ~ - 0.959) 
::> 

-1 (2.35) 

(2.36) 

where 

.'. 
F(Se,s ) = 

[1 + 5 Sc 1,3]2 
1 14.5 
2
- In { } 

5 1/3 5 2 
1 - 14.5 Sc + (14.5) Sc2!3 

::c 

[ 1 
s Sc1/ 3 ]2 + 

1 14.5 
- In { } 2 :~ ':< 

1 s Sc1/ 3 S ') 

Sc2/ 3 - -- + (14.5)~ 14.5 

10 Sc I3 - 1 
+ 13 ta n -1 [-.:1::....:4~ . .:;:.5 ____ _ 

13 

3 _ 1 

- 13 tan 
- 1 
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.'. ',' 

and G(Sc, s ) 

1 -
1 

= - ln { 
2 

1 -
1 

ln { -
2 

/3 tan 
-1 

[ .. 

:J 1,3 
Sc + 

14.5 

{ 1 + 

::;CC 

s 
14.5 

[1 

10 
14.5 

.' . . ,. 

5 --
14.5 

Sc 
1/3 

:::-: 
s 

+ 
14.5 

Sc 
1/3 

/3 

(1:.5) 2 

Sc1/ 3 )2 

+ 
s~· 2 

(14.5) 

Sc1/ 3 )2 

- 1 

2 s 1 3 
Sc' - 1 

_ /3 tan -1 [ 14~. 5=------____ _ 
/3 

§2. 4. Surface Roughness Considerations 

') 3 
Sc 

} 

Sc 2/ 3 

} 

\-jells and Chamberlain. [22). and Chamberlain et al., [41), per-

formed experimental deposition work onto both smooth and rough 

surfaces. Their results indicated that the deposition velocity was much 

greater for a rough surface than a smooth surface. 

Browne, [42]. was the first \·;ho developed a theoretical model in 

this subject taking into consideration the surface roughness effect. 

He presented a modification of Davies' approach to account for the 

surface roughness effect on the deposition of particles by adding extra 
",;: ,:t 

distances to the particle-capture distance, (s + r ) and allowing for 
p 

the displacement of the origin of the velocity proale resulting from 

the roughness, (Perry et al.. [43]. and Grass. {44]) to use the same 

equation for the radial velocity fluctuation. 

33 



He dealt with the friction velocity by using the empirical formula 

of Colebrook and White, [45], and expressed the equation of the de-

position velocity in the form: 

* V = 

>!' 

1 

1 
-- + 

':c I 

(2.37) 

where v lJ. is the radial fluctuation of velocity (dimensionless) at a 

":c 
distance lJ. from the wall (dimensionless), (lJ. is the new capture dis-

tance of the particle) and 
,:e 

R * 

t 
dy 

I = (2.38) 
JL + _E_ 

lJ. \I \I 

':< 
where R is the nondimension pipe radius. This integration is solved 

by using numerical analysis. 

EI-Shobokshy and Ismail, [46], derived a model of deposition onto 

rough surfaces similar to the one of Browne, [42]. They considered 

the effective particle eddy diffusivity as proposed by Liu and Hori, 

[39], and used the equations of Lin et al., [3], for turbulent eddy 

diffusivity through the pipe. Also, they displayed a comparison be-

tween their model and the model of Browne. EI-Shobokshy, [47), 

supported their model by experimental work covering a particle size 

range of 1. 0 to 6.2 llm. 

In their model they examined, as Browne did, th~ effect of relative 

roughness, particle size, particle density and flow Reynolds number 

on the depo$ition velocity. It was concluded that the wall roughness 
particles with 

has a large effect on the particle deposition velocity of a diameter less 
A 
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than 5 vm, this effect diminishes for particles of 10 vm, and for a 

given relative roughness and Reynolds number, the particle density 

has nearly no effect on deposition velocity of particles less than 0.1 

Ilm in diameter. 

Wood, [48], used the same idea of adding extra distances to the 

particle-capture distance and shifting the position of the origin of the 

velocity profile, but he used the approach of Lin et aI., [33], by 

adopting their equations of the turbulent eddy diffusivity for the 

viscous sub-layeI' (0 < /' < 5) and the buffer layer (5 < /' < 30). 

Wood put his model in the following expression: 

(2.39) 

where subscripts Band s represent the buffer and sub-layer re-

spectively, and 

30 '0' 

J 
dy 

IB = 
D E 

5 - + -v v 

::> 
.0. 

} 
dy 

I = s D E 
::t - + -

6 v v 

':c o and and if l!. > 5, then I = s 

30 .0. 

J 
dy 

I = IBI = B 
D ::::: E 

- + -
l!. v v 

The analytical solution of Wood's equation are as follows: 
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14.5 
I = s (~ )2/3 

[ f(¢) + g(¢) - f(¢d -g(¢d I 

where 

1 (1 + ¢)2 
f(¢) = - In 

6 1 - ¢ _ ¢2 

1 -1 2C/1 - 1 
g (¢) = -- tan ( ) 

/3 /3 
, 

1 ¢ = 
2.9 ( ~ ) 1/3 

and 

5 

IB = 24.2 6. < 5 

25.2 
I B 1 = 5 In ( 

* 6. - 4.8 
) 

(2.40) 

(2.41) 

(2.42) 

Wood's theory has be<m restricted to roughness Reynolds number 

::: 

k less than approximately 5 by the use of the analytical expression 

of Lin et al. for eddy diffusivity. At the expense of the solutions 

obtained by wood, Davies' universal expression of £ / for all values 
v 

of y':', used by Browne, could be adopted, necessitating a numerical 

solution. This expression displays a Reynolds number dependence. 

Therefore, \.,;hen the roughness is large, such that the concen-

tration gradient occurs entirely \dthin the turbulent core, the de-

position velocity is a function of Reynolds number, as indicated by 

36 



Bro\';ne. The Reynolds number enters also through the limit of the 

in te gra Uon. 

Cleayer and Yates, [49], considered the suggestion of Owen, 

[28), and de\"eloped their model for deposition based on the idea that 

particles are convected to the ""'all by the "downsweeps" \,,"hich have 

been described by Kline et al., [29]. They found after their analysis 

that 

* -?/3 
V = 0.084 Sc -I 

(2.43) 

which is similar to that equation expressed by Wells and Chamberlain, 

[22], i.e. 

::: 
u,;: _'"l 3 

V = Sc 
C 

(2.44) 

Cleaver and Yates' model is critically dependent upon the exact 

form of the downsv,;eeps and assumes that the solid surface is initially 

smooth, and remains, smooth. 

Davies, [50], proposed a different theory with the postulate that 

the deposition occurs basically by particles being swept along the 

surface in the direction of flow until they impinge on roughness ele-

ments, which have been there either initially or have been produced 

by an early uneven deposition of some of the particles. The I·articles 

arrive in the region of the surface by a process of "jumping" across 

the streamlines in the laminar sub-layer. 
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Quantitatively, Davies, [51], deduced that for the deposition 

process when t < 0.22 for smooth surfaces 

V* = 0.075 Sc- 2/3 

while for rough surfaces 

~, 

V = 0.08 -1/2 Sc 

and postulated that for 0.22 < t < 10 

V :: C 1 I (l + I 

(2.45) 

(2.46) 

(2.47) 

where C 1 is a dimensionless constant related to the roughness geom-

etry of the surface on which deposition is occurring. By fitting the 

above equation to published data for aerosol deposition onto polished 

brass, glass, aluminium and filter paper, Davies deduced values of C 1 

ranging from O. 05 to 100. 

A useful technique to calculate mass transfer rates between a solid 

boundary and a fluid is to draw an analogy with the rates of 

convective heat transfer under similar conditions. This technique is 

often known as the Chilton-Colburn analogy, or more simply, the Heat 

and ~1ass Transfer Analogy. 

Kader and Yaglom, [52], used the available literature and ex-

pressed a correlation of deposition velocity for the case of two di-

mensional roughness elements, in the form: 

1 
.... 1 (k

X
,) = 2. 1~ n 
s 

+ 3. 2 (k :~) 1 i 4 (S c 2 ,' 3 + O. 3 ) + 4. 0 
s 

(2.48) 
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where 

X characteristic length of the flow, 

k mean height of roughness element, 
s 

ks dimensionless height of roughness element, = (ksujv) 

and 

Sc Schmidt number. 

Hahn et aI., [53], showed experimentally that the correlation of 

Kader and Yaglom can be used to predict rough wall deposition rea-

sonably accurately for the entire range of particle from molecular size 

to 0.2 \.1m diameter and went to suggest that the equation can be 

further reduced such that the deposition velocity is given by 

1 
(2.49) 

Owen et a1., [54], used the same technique and considered an-

other empirical formulation for the convective heat transfer over a 

similar surface, (AGR fuel element surface), and described the mass 

transfer by convection: 

Sh = 0.023 Re7 / 8 Sc 1/ 3 

where Sh is Sherwood number = ( V de ) 
D 

(2.50) 

Although a good agreement was shown between the two correlations 

and the results presented by Hahn et a1., [33] Owen et a1., [34], 

drew attention to an inherent weakness in this technique. It requires 

a complete similarity between the transport processes. For example, 
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the diffusivities of each should be of comparable magnitude. In the 

case of diffusing gases and vapours this is usually achieved. But in 

the case of sub-micron particles in gas streams, however, the ratio 

of Schmidt number to Prandtl number (Sc/Pr) can be of the order of 

10;) and such differences will result in the heat and mass transfer 

conditions changing by a factor of about 300. 

cnder circumstances such as these the heat and mass transfer 

analogy has to be applied with caution. 

Considering the "Law-of-the wall" for the complete rough surface, 

where the friction factor is independent of the Reynolds number, 

Schack et at., [55], developed a general correlation for deposition of 

particles from a turbulent gas flow to a completely rough surface 

(where k > 70) in the following form: 
s 

Y = A X + B X
3 

where 

y = 

x = 

V d p 

D 

d 
p 

Yo 
':' 1/2 1/3 

(y 0) Sc 

(2.51) 

y called the roughness length, is the height at which the velocity 
o 

u (y) would vanish if the logarithmic form were actually valid up to 

the wall. 

The two constants A and B depend on the shape and packing 

density of the roughness elements, and must be evaluated exper-

imcntally. 
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§2. 5. External Forces Considerations 

Taking into consideration the effect of additional external forces 

acting on the particles, Gardner, [25], derived a method for calcu-

lating the deposition velocity which he presented in two parts. The 

first concerns the diffusion and the eddy diffusion-impaction regimes 

with a superimposed equilibrium velocity u E ' which is the equilibrium 

velocity of a particle towards the surface obtained by a balance of 

viscous resistance to motion according to Stokes law and the external 

forces, say, thermophoretic, gravitational or electrostatic forces. The 

second concerns the turbulent impaction regime. 

For the first part, He assumed that the particles have a velocity 
':c ,;c 

(C1u,:,+uE) towards the surface at a distance y = Yl from the surface, 
,'e 

and this velocity decays to zero at y' = 0 due to a Stokes law resist-

ance. The assumption that part of the initial velocity is proportional 

to the friction velocity has been indicated by Owen, [28], to be 
the 

compatible with modern concept of turbulent bursts in the boundary 
I. 

layer. 

£ ':' 3 
Gardner assumed the expression of Lin et aI., [ Iv = (y /14.5) ] 

for all stopping distances and expressed the deposition velocity in the 

following form: 

= (2.52) 

1 -

':: 
with the assumption that the particle concentration at y 

'Ie 
is 

sufficiently small to be equal to zero. 

where 
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§2.:;. External Forces Considerations 

Taking into consideration the effect of additional external forces 

acting on the particles, Gardner, [25], derh'ed a method for calcu-

lating the deposition velocity which he presented in two parts. The 

first concerns the diffusion and the eddy diffusion-impaction regimes 

with a superimposed equilibrium velocity u E ' which is the equilibrium 

velocity of a particle to\"ards the surface obtained by a balance of 

viscous resistance to motion according to Stokes law and the external 

forces, say, thermophoretic, gravitational or electrostatic forces. The 

second concerns the turbulent impaction regime. 

For the first part, He assumed that the particles have a velocity 

(C1u,:,+u
E

) towards the surface at a distance y = Yl from the surface, 

and this velocity decays to zero at /'= 0 due to a Stokes law resist-

ance. The assumption that part of the initial velocity is proportional 

to the friction velocity has been indicated by Owen, [28], to be 
the 

compatible with modern concept of turbulent bursts in the boundary 
A 

layer. 

£ ':' 3 
Gardner assumed the expression of Lin et al., [ Iv = (y /14.5) ] 

for all stopping distances and expressed the deposition velocity in the 

following form: 

v = (2.52) 

1 -

':: 
with the assumption that the particle concentration at y is 

sufficiently small to be equal to zero. 

wlwre 
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',' 

~ 2Yl - B -1 +) PI = E'Xp [ - tan ( 
/3 5/3 

') 

" 

( 6 + Yl ) 

Q1 
= --- - -- ---- -J 

? -,' ':' ,) 

(6- - ,) \' + Yl 
-) -, 1 

B = 14.5 (_ ~ ) 1 J 

and 

l = 

He obtained the value of Y 1':' by solving the equation of motion of 

particle in the boundary layer such that 

~~ 

':c C
1 Pp ':' 2 u E 

Yl = (--) (d ) [ 1 + (2.53) 
18 p P C1 

The constant C
1 

was chosen equal to 0.957 in agreement with the 

results of Liu and Agrawal, [24], for eddy diffusion-impaction regime. 

§2. 6. Thermophoresis 

Thermophoresis is the term describing the phenomenon wherein 

particles such as soot particles, aerosols, dust or the like, when 

suspended in a gas in which there exists a temperature gradient, 

experience a force in the direction opposite to that gradient of tem-

perature. 

This phenomenon was first described by Tyndall, [56], who ob-

served a dust free - zone in a dusty atmosphere around a hot body. 

The fundamental physical processes responsible for the phenomenon 

were first in vestiga ted by \taxwell, [57]. 
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\--'hen the gas flow is contaminated with particles, an important 

non -dimensional parameter must be determined. This parameter is the 

Knudsen number, (Kn) which is defined as the ratio of the mean free 

path of gas molecules and the particle radius. 

Kn = 
A 
r 

p 

the mean free path the viscosity-based value is 

A = 
2 ~ 
p c 

(2.54) 

(2.55) 

with c = 1(8 RT /11), the mean molecular speed and 'R the specific gas 

constant. 

Hidy and Brock, [58], introduced three regimes for the flow ac

cording to the values of 0 < Kn < .. : 

a - For small values of Kn, the slip region is considered. 

b- For O. 25 ~ Kn ~ 10, it is defined by theoretical and experimental 

evidence as the transition region. 

c- For Kn > 10, the free molecular regime is considered to describe 

the processes introducing only a small error. 

§2. 6.1 Theory of Thermophoresis 

One of the earliest attempts to apply Maxwell's ideas to calculate the 

forces on spherical particles in a gas at rest in which there exists a 

temperature gradient is that introduced by Epstein, [591, who derived 

expressions for the thermophoretic force and the velocity acquired 

by the particle in the slip flow regime (Kn « 1). 
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Epstein expressed the thermophore tic force in the from: 

F1."' = 9'Tl\.lvr 
p 

'VT kg 

T (k + 2k 
C P g 

(2.56) 

and the corresponding thermophoretic velocity may be written as: 

\' = T 
3 

v ( 

k 
g 

k + 2k 
p g 

(2.57) 

in which r is the particle radius, )..l and v are the gas dynamic and 
p 

kinematic viscosities, To the mean gas temperature in the vicinity of 

the particle, 'VT the temperature gradient in the gas and k and k 
g P 

the thermal conductivities of the gas and particle respectively. 

Epstein's result has been found to be in reasonably good agreement 

with experiments for Kn < 1 for particles of low thermal conductivity 

such that [(k /k ) - 1]. however it significantly underestimates the 
g p 

thermal force on particles of high thermal conductivity (k »k) . 
p g 

A number of attempts have been made to improve upon the Epstien 

analysis in order to resolve the discrepancy between theory and ex-

periment for high thermal conductivity particles. 

A complete hydrodynamic analysis was first carried out by Brock, 

[60], who derived the velocity of thermophore sis for slip flow in the 

form: 

\' = T 

\'.·here 

2 C v I(k k) + CtKnJ (VT/To) 
s g p 

------- ------
(1 + 3C Kn) [1 + 2 (k ,k ) + 2C Kn J 

m g p t 

(2.58) 
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C is the thermal slip coefficient, 
s 

C is the momentum exchange coefficient and 
m 

C
t 

is the thermal jump coefficient. 

Brock chose reasonable values for Cm and C
t

, the best kinetic 

theory values for complete accommodation appear to be C = 1.14 and 
m 

C
t 

= 2.18, obtained by Loyalka and Ferziger, [61], and Loyalka, [62]. 

Brock also used the value C = 3/4, a value first obtained by ~taxwell. s 

However his results were found not to be in good agreement with ex-

periment for particles of high thermal conductivity, although the dis-

crepancy is much less than that obtained using Epstein's result. 

More refined kinetic theory analysis by Ivchenkov and Yalamov, 

[63] , yielded the result C = 1. 17, for complete thermal acconuno
s 

dation, a value in substantial agreement with other kinetic theory 

analysis, [64]. 

Derjaguin and Yalamov, [65], claimed that there are two questionable 

points in the derivation of Maxwell's formula and, accordingly, in the 

work of Epstein and Brock: 

1- The temperature stresses in the volume of the gas are neglected. 

2- Use was made of a boundary condition, the derivation of which was 

based on the doubtful assumption that the gas molecules have the 

same velocity distribution before impacting the interface, as in the 

bulk of the gas. 

However, a substantially different approach was developed by 

DCl'jaguin and Bakamov, [66], making allowance for the phenomena in 
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the bulk of gas and applying Onsager's principle. They derived the 

thermophretic velocity in the form: 

1 
2 

\I 

To 
( 

8 k 
g 

2 k g 

+ k 
p ) VT 

+ k 
p 

( 2.59) 

Derjaguin and Yalamov, [65], showed that when the temperature 

jump and the isothermal slip are taken into consideration, the 

thermophore tic velocity takes the following form: 

1 \I 

V =----
T 2 To 

(8 kg + kp + 2 Ct kp Kn) 

(2 kg + kp + tl Ct k p Kn) 
VT (2.60) 

According to the comments of Byers and Calver, [67], Brock's 

equation, (2.58), was supported for slip flow regime, while Derjaguin 

and Yalamov, [65], gave overestimates of the thermal force by about 

20 0/0 , they suggested that the latter theory be adopted for quite 

large particles. 

~ In the free molecular region the particle radius is very small with 

respect to the mean free path of the gas molecules. It has been con-

sidered that the particles have no effect on the velocity distribution 

of the gas molecules, and it has been assumed that this consideration 

is valid for Knudsen numbers greater than ten [68]. The forces 

acting on particles in this regime are coupled directly to non-

uniformities in the suspending gas-gradients of concentration, tem-

perature, etc. The free molecule theory for phoretic forces in a 

non-uniform gas has been treated by several workers. Perhaps best 

known are the calculation of Waldmann, (69], and those of Bakanov 

and Derjaguin, (70]. 
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Waldmann, [69], obtained to a close approximation the following 

expression of the free-molecule thermal force, 

monoatomic gases : 

32 = - --
15 

r 2 ( 
p 

k g 

c 
) 'VT 

where c is the mean molecular speed. 

~::: 

F T for particles in 

(2.61) 

The particle thermal conductivity has become negligible in this 

equation, which is strictly valid when r I'A -+ O. However Jaccobsen 
p 

and Brock, [71], claimed that comparison with experiments showed 

that it was not much in error for nonzero values of (r I'A). for ex
p 

ample, it was in error by approximately 5 % at 'AIr = 10 and 100
/0 

p 

at Air = 5. p 

The corresponding thermophoretic velocity was given by Waldmann 

and Schmidt, [72], and Hidy and Brock, [58], as: 

5 (1 

1 

1Ta ) + --
8 

k 
g 

p 
'VT (2.62) 

where p is the gas pressure and a is the coefficient of thermal re-

flection. 

In the case of polyatomic gases, one should use the "translational" 

thermal conductivity, which in the simple kinetic theory is given by 

(k = 151J ~/4) where 1J is the dynamic gas viscosity and 'it is the 
g 

specific gas constant [64]. 

Derjaguin and Balamov. [73], applied the method of calculation first 

suggested for diffusiophoresis, in which it was assumed that the ve-
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locity distribution of the molecules impinging on a small particle is not 

disturbed by the presence of the later. Applying this to the 

thermophore sis of small particles, they derived the following formula 

for the velocity of thermophore sis : 

v 
VT 

To 
(2.63) 

in which a
1 

is a constant equal to 8 on elastic rebound of molecules 

with diffuse scattering and on diffuse evaporation of the molecules 

from the surface, a
1 

equals 8+1T [70]. 

In the transition region as collisions of gas molecules become im-

portant, the collisions have the effect of reducing the thermal force 

imparted by the gas molecules. Experimental studies of Schmitt, [74], 

and Schadt and Cadle, [75], of the thermal force in the transition 

region using the Millikan cell technique have found the following em-

pirical relationship for the thermal force: 

1: 
exp(- --) 

Kn 

which is valid over the range 

Where 

* 

o ~ (r IA) ~ 5. 
p 

FT is the free-molecule thermal force, 

(2.64) 

1: is a parameter for a particle aerosol system, and is 

t = 

and 

independent on (r IA) and observed ex~erimentally. 
p 

f«k /k ) , a) g p 
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0: is acconunodation coefficient. 

Brock, [76], developed a theory of thermal force in the transition 

region based on that one of free molecule region. He expressed the 

thermal force for monatomic gases in the following form: 

o:k r 
g p 

= FT {l - [0.06 + 0.09a + 0.~80:(1 - 2k-)] -T-} (2.65) 
p 

where F
T

':' is the free molecule thermal force as mentioned before. 

It is seen that t in equation (2.64) is a function of the thermal 

conductivity ratio (k /k ) and the momentum accommodation coefficient g p 

0:. 

Talbot et a!., [64], found that the theory of Brock, (60), with 

an improved value for the thermal slip coefficient, gave the best 

agreement with experiment for 10\,,' Knudsen numbers, Kn = 0 (10- 1). 

Also they compared the available experimental data over a wide range 

of Knudsen numbers and proposed a fitting formula for the 

thermophoretic velocity useful over the entire range 0 ~ Air ~ .. in 
p 

the following form: 

2 C s v [(k /k ) + CtKn] C (VT/Tc) 
g p c 

in which C = 1.149 s 

and 

(2.66) 

C is the Cunningham correction factor expressed by 
c 

C = 1 + Kn[.-\ + B exp(-C/Kn)] 
c 

(2.67) 
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\\'here :-\, Band C are constant and usually take the \'alues 

A = 1. 2 

B = 0.41 

C = 0.88 

The calculated Knudsen numbers of the reactor and the exper-

irnental rig conditions are not the same and each one relates to a dif-

ferent region. For example Knudsen number along the fuel element 

in the reactor are in the range 0.05 to 0.08 which seem to be related 

to the slip flow region, but for the rig condition the Knudsen number 

in the range 0.6 to 2.26, which seem to be related to the transition 

region. For this reason the Talbot et al. fitting formula which was 

proposed for the entire range of Knudsen numbers is adopted to cal-

culate the velocity of thermophoresis in the present theoretical work. 

Kelly, [77], applied the model of Gardner, [25], to investigate the 

deposition of particles in the Wind scale AGR channel taking into ac-

count the effect of the thermophoretic force, which was obtained from 

the expression of Talbot et aI., [64]. He considered the temperature 

gradient to be the difference beh·,:een the fuel clad temperature and 

the gas temperature divided by the laminar sub -layer thickness, and 

expressed the velocity of thermophore sis in the following form: 

and 

V
T 

= - 1.2( 

k 
g 

k 
P 

Z = ~.03 x 10-
8 

( 

T - T 

+ Z) (-T-
c
--

g
-) 

+ T 
c g 

T + T 
c g 

p d 
P 

(2.68) 
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where p is the gas pressure in bar and T and T are the fuel clad 
c g 

temperature and the gas temperature respectively. 

A more sensible treatment to calculate the temperature gradient has 

been derived by 1m and Chung, [78J, who considered it as the 

difference between the temperature of the gas at the laminar sub-layer 

and the temperature of the wall, divided by the laminar sub-layer 

thickness. Using the Reynolds analogy they obtained that difference 

in temperature as a function in the difference between the stream gas 

temperature and the surface temperature, i. e. 

= 5 (If!2) (T - T ) g s 
(2.69) 
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CHAPTER 3 

THEORETICAL APPROACH 

§3.1 Introduction 

The deposition of particles carried in a fluid stream onto a surface 

over which the stream is flowing, may be controlled by one or more 

of the following mechanisms: 

1- molecular diffusion ( Brownian diffusion ), 

2- turbulent diffusion ( Eddy diffusion ), 

3 - eddy diffusion - impaction, 

4 - inertial impaction, 

5- sedimentation, 

6- thermophore sis , 

7 - diffusiophoresis, 

8- electric mobility. 

The significant contribution of a certain mechanism in controlling 

the deposition process depends on various parameters, like the surface 

conditions, the fluid flow conditions as well as the particle diameter. 

For example, in the case of suspended particles in isothermal and 

stationary air, the sedimentation mechanism will control the deposition 

process. On the other hand, for particles suspended in air moving 

over a heated surfaces, the thermophoresis mechanism may have a 

greater contribution, and so on for the other mechanisms. 
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At the beginning of the study of the deposition of particles, it is 

important to determine the mechanisms which have a considerable effect 

on the deposition process. For the present study, the experiences of 

El-Shobokshy [11) and Davies [12] can be used. Also, it is conven-

ient to review some factors which can effect on the deposition process. 

§3.2 Particle- surface Collision Mechanisms 

In the collision between projected particles and a surface, particles 

may be captured or there is a possibility of bouncing or re-

entrainment. Dahneke, [79], in his study of the mechanism of 

particle-surface collision, found that there is a limiting value of inci-

dent velocity of the particle below which it can be expected that the 

particle will be captured by the surface and above which it will 

bounce. Dahneke assumed some conditions for his analysis, which are: 

i) The viscous drag force near the surface is negligible, 

ii) The particles are spherical and smooth, 

iii) The surface is perfectly smooth, and 

iv) The particles are projected normally to the surface. 

§3. 2.1 Critical Particle Incident Velocity 

Considering the energies of particle before and after collision, 

Dahneke derived the critical incident velocity of particle in the fol-

lowing form: 

where 

v. = 
I.C 

1 
d 

p 

(3.1) 

A the Hamaker constant, is equal to 8 x 10- 20 Joule for fluore-

scein particles, 
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r coefficient of restitution = V./V taken as 0.99, e 1 r 

V. velocity of particles at incidence, 
1 

V velocity of particles at the rebound, and 
r 

Z Q The equilibrium separation of sphere = 4 0 A. 

To test whether a particle will bounce or be captured upon touching 

the surface, the value of the velocity of particle at rebound (V ) 
r 

should compared with the value of critical incident velocity (V. ). If 
I.C 

the particle rebounds with a velocity greater than V. ,then it will 
I.C 

bounce, and if it rebounds with a velocity less than V. , it will be 
I.C 

captured. 

§3. 2.2 Normal Incident Velocity 

According to Davies' theory, [26], which has been supported by 

Beal, [35], and used by Keen and Strauss, [40], for particles diam-

eter less than 1 1Jm (the same range as this study) the normal velocity 

of the particle can be taken as the radial fluctuating velocity of the 

fluid flow near to the wall region. Davies correlated the experimental 

results of Laufer, [32], for the variation of the radial fluctuating 

velocity with the normal distance from the surface, in the following 

form: 

y '!< 
v' = 

* 10 + y 

Considering the concept 

the normal incident velocity 

'l< 
lO+r 

l," ~(l P 
Va = '!< ) 

2 't 

of 

of 

+ 

(3.2) 

the stopping distance, Davies derived 

the particle as: 

.rt< ':( 
1 

10+r r 
(1 P 2 p -

':' ) 
+ (3.3) 4 ':c 

t t 
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where 
,:t 

V 0 dimensionless incidence velocity = V Diu,:, 

r 
p 

t 

t 

normal incidence velocity 

shear velocity 

dimensionless particle radius = r (u,)2 Iv 
p '.' 

dimensionless particle relaxation time = t [(u,:.) 2 Iv] 

particle relaxation time = [p (d ) 2/18 lol] 
p P 

particle density = 1700 kg/m
3

, for Uranin particles, [16]. 

The derivations of equations (3.1) and (3.3) have been confirmed 

by EI-Shabokshy, [11]. 

Although some authors have pointed out that the equation of Davies 

for normal incidence velocity is inaccurate for particles larger than 

1.0 lolm, it can be regarded as acceptable for the range of this study. 

From equations (3.1) and (3.3) it can seen that V. depends on 
l.C 

the particle diameter and its density, while V 0 also depends on the 

flow condition ( shear velocity). Results of calculations of both 

equations for a set of flow condition which cover the expected range 

of the experimental work up to u'!< = 3.0 mis, are shown in Fig. 3.1. 

The points of intersection of V. with the curves of V 0 determine 
I.C 

the critical particle sizes for each flow condition (u*). Below these 

points the particles will expected to be captured by the surface, while 

above them, the particles are most likely to rebour:d again. 

The main conclusion from these results is that the range of sub-

micron particles and flow conditions used in this study the particles 

will be captured on collision with the surface. 
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§3.3 Particle Re-entrainment 

Based on the results of the particle-surface collision mechanism 

particles as large as 1 llm would be captured on collision with the 

surface for a flow friction velocity of 2 m/s. however the analysis of 

this mechanism considered only the energies of particles before and 

after collision without taking into account any consideration about the 

particles after their deposition. If the particles form any agglomerates 

over the test surface, they can be dislodged from it, depending on 

the flow condition and re-entrainment may possibly occur. 

Most investigators consider the surface upon which particles would 

be deposited to be a "perfect sink", i. e. no removal of particles will 

occur. In experimental applications some workers of particle deposition 

have made the test surface sticky to avoid any possibility of re-

entrainment. This is far from the real operating conditions. 

In the present experimental work the natural rod surface, smooth 

or ribbed, was used to carry out the particle deposition test. It was 

therefore necessary to check whether or not there was re-entrainment 

during the experimental tests. 

Corn and Silverman, [80], assumed that solid particle adhering to 

a surface will be removed when the drag and lift forces exceed the 

adhering force. For spherical particles the lift forces are negligible 

with respect to the drag forces, therefore the drag forces only would 

be compared with the adhering force. They concluded, experimentally 

that if the drag on a deposited particle is equal to or greater than 

-8 
3.7 x 10 N, at least 75 010 of the particles will be removed. 
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The largest particle diameter which could be produced by the 

atomiser- impactor generator used in the present experiments, is 1 

llm, and the electron micrographs showed that all the particles were 

smaller than this size. The calculations of the drag force which a 1 

llm particle will be subject to, gives a value much less than 3.7 x 

10 -8 N, determined by Corn and Silverman. The calculations are 

provided in detail in Appendix B. 

Therefore from the theoretical point of view, the model of the de

position of particles considers that test surface is a "perfect sink", 

i. e. no re-entrainment of the deposited particle will occur under the 

experimental flow conditions. 

Taking into consideration the real surface, an experimental test 

was needed to support the belief that the surface is a perfect sink. 

Such experiments have been carried out and will be reported later; 

the results for both smooth and ribbed surfaces indicate that within 

95 010 confidence limits there is no removal of particles after their 

deposition. 

§3.4 Mechanisms of Deposition 

The mechanisms of deposition of particles of concern in the present 

work will be discussed as follows: 

§3.4.1 Molecular Diffusion 

This is the mechanism by which particles within a purely laminar 

or stationary flow are brought to the surface under the action of fluid 

molecules interacting with the suspended particles. The motion of 

particles in such fluid was defined by Einstien, [15], as: 
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-2 
X = 2Dt (3.4) 

where 

-2 X = the mean square displacement of particles, 

t = the time required for this displacement, 

D = diffusion coefficient of particle, expressed by: 

D = 

in which 

3 11 ~ d 
p 

kB = Boltzman's constant = 1.38 x 10- 23 
J/K 

T = absolute gas temperature of fluid 

l.l = dynamic viscosity of fluid 

d = diameter of particle. 
p 

(3.5) 

The conditions under which the last equation is valid is that all 

external forces are absent, therefore, motion of the particles will be 

random. Brownian motion increases with decreasing particle size while 

it is negligible when Kn < 0.01 (Le. in the continuum regime). 

If a concentration gradient exists normal to the surface, particles 

will migrate from the higher concentration region to that of lower 

concentration. This migration due to the presence of a concentration 

gradient is known as diffusion. In a stationary or flowing gas con-

taminated with fine particles and adjacent to an adiabatic surface, 

diffusion leads to the deposition of particles onto the surface. This 

deposition maintains a concentration gradient with the concentration 

of particles being zero at the surface. 
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The rate of deposition of particles onto the surface due to this 

mechanism is equal to the product of Brownian diffusion coefficient 

and the particles concentration gradient near to the surface, namely: 

N = D~ 
dy (3.6) 

The validity of this equation requires that no external forces act 

on the particles. 

§3. 4.2 Eddy Diffusion 

When the fluid flow becomes turbulent, eddies which exist in the 

flow, act to speed up the diffusion process. The mass transfer proc-

ess, therefore, becomes more complicated than that in the laminar or 

stagnant flow. The effect of eddies is represented by the eddy dif-

fusion coefficient, which must be included in the mass transfer 

equation and takes the following form: 

dc 
N = ( D + £ ) 

P dy 
(3.7) 

and in dimensionless form it can be expressed as: 

D 
::: 

£ dc 
* p 

V = (- + ) 
'::. v v dy 

(3.8) 

where 

* V = N/cou*, dimensionless deposition velocity, 

* c = clco, dimensionless concentration of particles, 

£ = eddy diffusivity of particles. 
p 

For the range of sub-micron particles it is assumed, in usual 

practice, that the eddy diffusivity of the particles £ is the same value 
p 

as the eddy diffusivity of the fluid. This assumption was discussed 
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by Rouhiainen and Stachiewicz, [36], and it was found to be reason-

ably acceptable for particles of diameter up to about 1.7 llm. 

For a pipe flow, the radial turbulent diffusion coefficient can be 

estimated from the equations of Lin et aI., [33], as follows: 

* E Y )3 = ( --
\I 14.5 

~::: 

E y 
= - 0.959 

\I 5 

':( 
where y is the dimensionless normal distance from the surface, 

y = y(u,)v) 

., . . ,. 
It is assumed that for y > 30, well inside the turbulent core, 

uniform turbulent mixing is provided, so the diffusion in that region 

is usually neglected, 

A single equation of the turbulent eddy diffusivity has been de

rived empirically by Davies, [27], for all values of y':' 

where 

( 
':< a 

y ) 
E 

= v 
2.5 x 

10
3 

( 
Re 

",< 0.8 
a = 4.0 - (y ) 

b = 
y 

,,~ 

400 + y 

107 
) 

§3. 4.3 Eddy diffusion - impaction 

b 

For small particles near to the surface, where the effect of the 

eddies is small, the deposition process is assumed to be due to 
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Brownian diffusion. But large particles can possess sufficient inertia 

to be projected directly onto the surface. This is the concept of the 

eddy- impaction mechanism. 

In this mechanism the molecular diffusion will be negligibly small 

and the mass transfer equation is expressed in the form: 

dc 
~ = E: 

P dy 

and in dimensionless form it takes the form: 

E: ::: 
::t p dc 

V = v >:< 
dy 

(3.12) 

(3.13) 

To estimate the particle eddy diffusivity, the concept of particle 

stopping distance corresponding to the velocity component normal to 

the surface may be employed. The velocity component of the particle 

will assumed to equal the normal velocity component of the fluid when 

the former penetrates the boundary layer. Thus the particle travels 

a certain distance, while the accompanying eddy is dissipated away. 

This distance is defined as stopping distance and is estimated by 

where 

t 

(3.14) 

normal resolute of the turbulent velocity, and 

d 2 
Pp P 

particle relaxation time = 
18 l.I 

According to Liu and Ilori, [39], the additional diffusivity due to 

the particle itself, which is (V 0) 2 t, is analogous to that of Brownian 
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diffusivity (D 
2 = (vB) '1:). Given a fluid diffusivity £, the effective 

particle diffusivity is then 

2 
£ =£+(Vo)'I: 

P 
(3.15) 

Distinguishing between molecular diffusion and eddy diffusion is 

not difficult and depends on the flow conditions. But the problem here 

lies in distinguishing between eddy diffusion and eddy diffusion-

impaction mechanisms. 

In the eddy diffusion mechanism, the deposition process is con-

trolled by Brownian (molecular) diffusion and eddy diffusion. In the 

eddy diffusion -impaction mechanism, the deposition process is gov-

erned by the eddy diffusion and the inertia of the particle, while the 

Brownian diffusion is negligible. It is known that Brownian diffusion 

coefficient is significant for small particles, but it will be negligible 

for larger ones. The limit between these two sizes of particles must 

be known for a given flow condition in order to distinguish between 

these two mechanisms. 

§3.4.4 Diffusion Layer Concept 

El-Shobokshy, [11], followed by Davies, [12], used the concept 

of the "diffusion layer" to define a particle size limit below which eddy 

diffusion mechanism governs the particle deposition process, and above 

which eddy diffusion-impaction is responsible for the deposition 

process. The diffusion layer is just above thE surface at a point 

where the Brownian diffusion becomes comparable with the eddy 

diffusivity. 
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At this point, for any particle size, D and E can be approximately 

related according to 

E = 5D (3.16) 

Substituting \\"ith value of eddy diffusivity form the equation of 

Lin et al., [33], then 

( 

.'. ',' 

Yd 

14.5 

):: 

D 
v ) (3.17) 

where (y d) is the dimensionless diffusion layer thickness, expressed 

by 

!:' u,;: 
Yd = Yd v 

hence, 
.,. 

D 1/3 .,. 

Yd = 24.8 ( - ) v (3.18) 

or 

24.8 v 
( 

D )1/3 
Yd = -

u,;: v (3.19) 

Y d is the diffusion layer thickness, and it is a function of the 

Brownian diffusion coefficient which varies with the particle size. If 

the particle size increases the Brownian diffusion coefficient will de-

crease and consequently, the diffusion layer will also decrease. 

From the definition of stopping distance and diffusion layer, it can 

be stated that if a particle is discarded by the eddies outside the 

diffusion layer, it will be projected directly to the surface by the 

influence of its inertia and will be deposited by eddy-impaction. If 

the particle is still accompanied by the eddy to the diffusion layer, 
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it will continue the deposition process by Brownian diffusion. If al-

lowance is made for the particle radius, then the main conclusion can 

be expressed as follow 

(a) if Y d > (s + r p)' then the mechanism is eddy-diffusion. 

(b) if Yd < (s + rp), it is eddy-diffusion-impaction. 

Therefore, if the stopping distance and the diffusion layer are 

calculated for certain particle size under known flow conditions, it can 

predicted which mechanism will control the deposition process. 

§3. 4.5 Sedimentation of Aerosol Particles 

A freely falling spherical particle acquires a constant or terminal 

velocity when the fluid dynamic drag balances with its weight. 

To estimate the terminal or settling velocity for small particle due 

to gravity, it is assumed that the particle is rigid against the influence 

of gas molecules, falling independently free from external forces, 

slowly enough through viscous fluid such that Re (V d Iv) will be 
p s p 

smaller than unity and its size is much larger than the mean free path 

of the gas molecules, therefore, the motion will be according to Stokes' 

law. Hence the drag will be 

(3.20) 

where V is the terminal settling velocity. By balanCing the drag and 
s 

the buoyancy forces with the particle weight, then 

'Tf 

6 

and the terminal settling velocity becomes 
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v = s 

( _ p) g d 2 
Pp P 

18 lJ 
(3.21) 

Since the particle density will normally be greater than the gas den-

sity, the terminal settling will be 

d 2 
Pp g P 

v = s 18 lJ 
(3.22) 

For particles of the size comparable with the mean free path of the 

gas molecules, the medium cannot be regarded as a continuum regime. 

The particles will move faster than predicted due to slip between them 

and the gas molecules. A Cunningham correction factor must be in-

troduced to give allowance for slip flow, and the terminal settling 

velocity takes the final form 

v = 
s 

d 2 
Pp g P 

18 lJ 
C 

c 
(3.23) 

in which C is the Cunningham correction factor and equal to 
c 

C = 1 + Kn[A + B exp(-C/Kn)] 
c 

(3.24) 

where A, Band C are constants usually take the values 

A = 1.2, B = 0.42 and C = 0.88 

A 
Kn = -r

p 

A is the mean free path of the gas molecules and can be determined 

by 

A = 1. 2533 lJ 

IPP 
(3.25) 

in which P is the gas pressure (N/m2), p is the gas density 

(Kg/m3 ) and lJ is the gas dynamic viscosity (Kg/m. s). 
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A plot of setting velocity V is shown in Fig. 3.5 as a function of 
s 

the particle diameter in air at 20°C. Comparing between the values 

of the terminal velocity due to sedimentation and as a result of dif-

fusion, indicates that in general, for sub-micron range of particles 

the contribution of the sedimentation mechanism to the deposition 

process is negligibly small with respect to that of eddy diffusion. But 

for large particles the effect of sedimentation must be considered. In 

the extreme case where the particle is quite large and the flow is 

stagnant, the deposition process would be governed mainly by the 

sedimenta tion mechanism. 

§3. 4.6 Thermophoresis 

If a temperature gradient is set up in an aerosol, particles will 

move along the gradient under the influence of the molecular activity, 

where on the hotter side of the particle it will be greater than on the 

cooler side. This is the phenomena of thermophore sis , according to it 

the particles are driven away from hot surfaces and attracted towards 

cold surfaces. 

The movement of particles in the presence of steep temperature 

gradient have been studied by a number of investigators such as 

Epstein, [59], Brock, [60], and Derjaguin and Yalamov, [65]. The 

resultant thermophore tic force and the velocity attained by the parti-

cles are described in chapter 2. But in general, the velocity of 

thermophoresis is a function of Knudsen number, which is the ratio 

of the gas molecules mean free path and the particle radius, the 

temperature of the gas, the temperature gradient as well as the 

thermal conductivity of the gas and that of the particle material. 
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According to Knudsen number, Kn, the flow is classified into three 

regions: for small values of Kn (less than 0.25) the slip flow region 

is considered, for O. 25 ~ Kn ~ 10 it is defined by theoretical and 

experimental evidence as the transition region and for Kn > 10 the free 

molecular region is taken into account to describe the processes in-

troducing only a small error. 

The calculated Knudsen number of the reactor and the experimental 

work conditions are not the same and are related to different regions. 

For example, Knudsen number along the fuel element in the reactor 

conditions are in the range 0.05 to 0.08 which seem to be related to 

the slip flow region, but for the experimental work conditions, 

Knudsen numbers are in the range 0.54 to 2.8, which seem to be re-

lated to the transition region. 

For this reason the fitting formula introduced by Talbot et aI., 

[64], for the entire range of Knudsen numbers has been adopted to 

calculate the velocity of thermophoresis: 

in which 

2 Cs v [(kg/kp > + CtKn] Cc(VT/T o) 

(1 + 3C Kn) [1 + 2(k Ik ) + 2Ct Kn] 
m g p 

C is the thermal slip coefficient, = 1.149, 
s 

C is the momentum exchange coefficient, = 1.14, 
m 

C
t 

is the thermal jump coefficient, = 2.18, 

C is the Cunningham correction factor . 
c 

(3.26) 
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It should be emphasised that diffusiophoresis and electric mobility 

mechanisms are beyond the scope of this study. A neutraliser was 

used in the experiments to produce a highly concentrated sonic jet 

of positive and negative ions mixed with the aerosol cloud produced 

from the atomiser-impactor. Therefore, the electrostatic charge re

sulting from the atomiser process were neutralised. Furthermore, the 

test rod surface was earthed to avoid any electrostatic charging of 

the surface during the experimental time. 

§3. 4.7 Conclusions 

The theoretical calculations have indicated that for the flow condi

tions and the size of particles concerned in the present work, the 

following prevail: 

a- Any particle that collides with the surface must be captured. 

b- Deposited particles on the surface are unlikely to be dislodged. 

Therefore, the re-entrainment of particles will not be considered. 

c- The process of deposition of particles will be controlled by the 

eddy-diffusion mechanism, while the effect of the sedimentation 

mechanism and impaction is negligibly small. 

d - In the case of hot surfaces, thermophoretic mechanisms will be 

be taken into account in addition to the eddy-diffusion 

mechanism using the fitting formula of Talbot et aI, [64], for 

the entire range of Knudsen numbers. 
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§3.5 Deposition Model 

§3. 5.1 Isothermal Surfaces 

1- Ideal smooth surface 

The theoretical treatment for this study has been based on an 

eddy-diffusion model in which the particle flux is expressed in terms 

of particle diffusivities and concentration gradient, thus 

N = ( D + E ) dc 
o P dy 

(3.7) 

and in dimensionless form, it can be written as 

D E 
,., 
'.' 

:::c p de 
V = (- + ) 

0 v v ,., 

dy 
(3.8) 

':c 
where V 0 is the dimensionless deposition velocity, = (No/cou*). 

The integration of equation (3.8) with boundary conditions 

,,'< ':c ':< ':c 
c = c at y = s + r s+r p 

':( l:C ':: 
c = 1 at y = R 

leads to 

c S:C ,Ie 

str = 1 - I. Vo (3.27) 

where 

::c 

R ':c 

) 
dy 

I = 
':C ~::: --IL t _E_ 

(3.28) 

S +r v v 
p 

A t the distance, (/ t r p':'), from the wall surface, the terminal 

velocity of the particle due to free falling is assumed the same as the 
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radial component of the turbulent fluctuation velocity. Then the mass 

transfer equation may be written as 

N = Vo.c o s+r (3.29) 
p 

and in dimensionless form it will be 

(3.30) 

Substituting the value of c s+r from equation (3.30) into equation 
p 

(3.27), the deposition velocity takes the following form: 

':< 
V = o 1 

1 

I 
(3.31) 

in which Va is the dimensionless particle terminal velocity and can 

be obtained by 

Vo* = _1_(1 
2 

* 10+r 
p 

':< ) 
t 

1 
(1 + -

4 

.:< 
lO+r r 

P 2 P -
':' ) 

+ 
* t t 

while the integration I, can be evaluated numerically. 

2- The effect of surface roughness 

':c 

(3.3) 

To present an approach suitable for estimating rate of deposition 

of particles onto a rough surface, Browne's analysis, [42], is used. 

In this analysis, to take account of surface roughness, extra distances 

have been added to the particle-capture distance, and by shifting the 

position of the origin of the velocity particle, it has been possible to 

use the same equation as Davies, [26], for the radial velocity fluctu-

ations. Thus, 
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':' !:J. 
Va = ----):= 

10 + !:J. 

From the following figure 

!:J. = s + r + k +Ok p s 

or it takes the dime n s ionle s s 

):c ':= ,~ 

!:J. = s + r + f(k p s 

- eo 

form 

_0. 
'0' 

) 

1° J ~ Vo 

1 

where k equivalent surface roughness 
s 

k s 

(3.32) 

(3.33) 

(3.34) 

Ok standard deviation of average height of pipe surface 

roughness, = 0.17 k 
s 

eo displacement in the origin of velocity profile, and is 

considered as 0.53 k . 
s 

The terminal velocity of the particle will be expressed by 

in which 

= _1_(1 
2 

= r p 

,0, 
'0-

+ f(k ) 
s 

,~ 

1 10+, )2 
(1 -4 >,'< 

t * t 

(3.35) 
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Also the effect of surface roughness will be included into the in-
)::~ .. I" 

tegration \\"here the lower limit will be l:l instead of s 

2. a Real smooth surface 

+ I' 
P 

To evaluate the role of roughness on the smooth rod, its surface 

topography was measured using a Talysurf. The average surface 

roughness, including the join between the sections was estimated 

statistically and found to be 1.5 lJ.m. 

2. b Regular ribbed surface 

The analysis of Browne, [42], for the random rough surface, needs 

to be considered with some caution in calculation of the deposition rate 

of particles onto the regular roughness of the fuel rod surface. 

The equivalent surface roughness of the regular ribbed surface is 

determined by assuming the additional area of cross-section produced 

by the rib was spread along the distance between the ribs, i. e for a 

square rib (e) on a pitch (p), the equivalent height of the roughness 

2 
would be (e /p). 

§3. 5.2 Heated Surfaces 

Considering the effect of thermophore sis with the eddy-diffusion 

mechanism, the mass transfer equation will be given by: 

!'\ th = ( 0 + £ ) 
de 
dy + VT c (3.36) 

and in dimensionless form it will be written as 
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=(_D_+ 
v 

£ 

V 
) 

* dc 

* dy 
(3.37) 

Taking into account the previous considerations for each surface, 

the final form of the dimensionless deposition velocity may be ex-

pressed by 

= 
* exp(1. V T ) 

§3.6 Thermal conductivity of particles 

(3.38) 

To apply the analysis of the theoretical consideration of the effect 

of thermophore sis phenomena on the deposition of particles, the value 

of the thermal conductivity of particle material, k must be known. 
p 

Because of that value for the sodium fluorescein (uranin) was not 

available in the published literature or the conventional sources ,[81 

- 83], Davies, [12], decided in his work to use the value of the 

thermal conductivity of a substance similar in nature to uranin. This 

substance was diatomaceous earth which has a thermal conductivity 
the fact 

of about 0.242 W /mK. The decision of Davies was based on that the 
A 

preliminary calculations of the velocity of thermophore sis , V T ac-

cording to equation (2.64) indicated that V T did not vary significantly 

for k /k < 100. For diatomaceous earth and air, k /k was less than p g p g 

10. 

Later Al-Azzawi and Owen, [84], have calculated experimentally 

the value of the thermal conductivity of the uranin (k ). The exper
p 

imental procedure was preparing test pieces of uranin produced from 
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strong solution of water and uranin which was left to dry out at room 

temperature. Then the pieces were exposed to one-dimensional steady 

state conduction by heating one surface using electrically heated 

copper elements. The experimental results gave a constant value of 

the thermal conductivity of uranin of about 0.43 W/mK. 

In the theoretical calculations of the present work, the value of 

the thermal conductivity of the uranin was considered as that measured 

by Al- Azzawi and Owen. 
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CHAPTER 4 

CHARACTERISTICS OF THE PIPE FLOW RIG 

§4.1. Introduction 

The deposition velocity of particles depends on the local wall shear 

stress and the relative roughness of the surface. It is, therefore, 

essential that the flow is carefully characterised before carrying out 

the required experimental work to determine the deposition of parti

cles. 

Mean velocity profiles allow the average Reynolds numbers to be 

determined and by using Clauser's method, estimates of the local skin 

friction coefficient could be made for the smooth surface. This was 

compared with measurements by means of the Preston tube technique. 

A graphical method introduced by Perry and Joubert was applied 

to obtain the friction factor for the ribbed surface. 

An electrical resistance technique was used for heating the test 

surface to assess the effect of thermophoresis on the deposition 

process. 

§4 .1.1 Clauser Chart 

It has long been accepted that the velocity profile of turbulent 

boundary layers have inner layers for which the velocity scale is the 

friction velocity, u,:e' These layers are the laminar sub-layer, adjacent 
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to the wall, the buffer region and logarithmic region. In most appli-

cations, the laminar sub-layer is too thin for its velocity profile to 

be determined accurately, so the logarithmic or the "law of the wall" 

region is used for comparing flows. 

The skin-friction factor is derived by Clauser, [4], from meas-

urements of the velocity profile in the following way: 

For fully developed flow in a uniform pipe of radius r and with fluid 

velocity U 1 at the axis, a similarity defect law [(U1-u)/u.!< = f(y/r)] 

is found to exist except in a thin layer adjoining the wall (u,:, = 

It 0/ p, where to is the wall shear stress and p is the fluid density). 

A law of this form is also found to apply in zero-pressure-gradient 

boundary layers where r is replaced with 6, which is the boundary 

layer thickness and U 1 is the free stream velocity. 

Close to the wall in both boundary layers and pipes, Prandtlls law 

of the wall is found to apply, i.e. u/u,:, = f(y u,:/v) even in the region 

of y where the defect law is applicable. 

MilliKan, [85], pointed out that in the range of simultaneous va-

lidity of those two laws, the form of the function fey u-:Jv) is math-

ematically restricted and given by: 

u = AI log y + BI 
v 

where A I and B I are universal constants 

written as follows: 

u 

U 

U U = AI log y -V + AI log 
U 

(4.1) 

Equation (4.1) can be 

+ BI (4.2) 
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It can be seen from the above equation that on a (u/U) versus log 

(y U/v) plot, a family of straight lines is produced, each line corre-

sponding to a given value of friction factor, f. Thus a chart may 

be constructed and by plotting the experimental data on such a chart, 

the line upon which they fall gives the appropriate value of f. This 

value is dependent upon the value adopted for the constants A' and 

, , 
B I. Clauser choose the values A = 5.6 and B = 4.9. 

§4. 1.2 Preston Tube 

The Preston tube method of measuring the skin -friction coefficient, 

which makes use of a simple Pitot tube lying on the surface, depends 

upon the assumption of a universal inner law common to boundary 

layers and fully developed pipe flow . 

The difference between the pressure recorded by the Preston tube 

and undisturbed static pressure can be expressed in the non-

dimensional form: 

Ap u* do 
(--2-) = f (--v-) (4.3) 

p u,:, 

in which do is the diameter of the Preston tube. 

Alternatively, the non-dimensional relationship between the Preston 

tube reading and the skin -friction coefficient can be presented in the 

practically more convenient form given by Preston, [5], namely, 

2 
t a do 

(-~---) 
2 

4 p v 

2 Ap do 
= F (---) 

2 4 p v 
(4.4) 
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and the function F can readily be determined from measurements in 

fully developed pipe flow. 

Patel, [86], has derived three formulae for three range of Preston 

tube Reynolds number (dou . ..! 2 v) as follows: 
',' 

in the range: 

3.5 < log10 ( to d o
2

/ 4 p v
2

) < 5.3 

55 < (dou*/ 2 v) < 800 

Xl = Y 1 + 2 log 10 (1. 95 Y 1 + 4. 10) 

in the range: 

< 3.5 

Y 1 = 0.8287 - O. 1381 Xl + O. 1437 Xl 
2 _\.' ,'I 

in the range: 

( d 0 u,:/ 2 v) < 5,6 

Y 1 = 0.5 Xl + 0.037 

(4.5) 

(4.6) 

(4.7) 

Patel confirmed experimentally the results of Rechenberg, [87] , 

which indicated that with a synunetrical bore for round Preston tubes 

the ratio of inside to outside diameter has a negligible effect on the 

calibration. 
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Recently, Lewkowicz et a!., [88], confirmed the universal cali-

bration relationship for Preston tubes and obtained a single equation 

formula which describes that function and covers the entire range of 

practical applications of Preston tubes and takes the following form: 

Y 1 = 0.886Xl - 1.45 + (23.64X 1
2 - 69.45X 1 + 64.40)(1 - tanh Xd 

(4.8) 

where 

2 
do 

2 
u,:: 

Y1 = log 10( 
4 2 

v 
and 

Xl log 10( 
~p do 2 

= 
2 4 p v 

§4.1. 3 Hall's Transformation 

Hall, [89], has derived a method to determine the friction factor 

for channels having rough and smooth surfaces. If the channel has 

inside and outside radius r 1 and rz respectively, from the velocity 

distribution, Hall assumed that the radius of maximum velocity, r 
m 

defines a cylindrical surface at which there is no shear stress. Al-

though he pointed out that this assumption is only strictly correct for 

non -turbulent flow, he applied a force balance on the region of the 

annular passage between the inner rough radius r 1 and the radius of 

no shear stress, r , and obtained the friction factor for the rough 
m 

surface, f 1, which depends on the mean friction factor of the channel 

according to the following form: 

79 



d 
e 

(4.9) 
r 
~m pur dr 

1'1 

which can be evaluated from the measured velocity and temperature 

profile s acros s the channel, where: 

d effective diameter of the channel, 
e 

d effective diameter of the passage bounded by r 1 and r
m

, 
e1 

A cross-sectional area of the channel, 

A 1 cross - section area of the passage bounded by r 1 and r m. 

§4.1.4 Perry and Joubert Method 

Perry and Joubert, [6], developed a graphical method for deter-

mining the local rough wall boundary layer characteristics in adverse 

pressure gradients from each measured velocity distribution. The 

method could be considered as an extension of the method introduced 

by Clauser for smooth surfaces. 

According to Clauser's technique, the value of friction factor, f, 

is confirmed only by the slope of the logarithmic line and not its po-

sition, and since roughness always increases turbulent skin-friction, 

the logarithmic line must shift to the right and downward because of 

the way that u,:' occurs in the abscissae and ordinates. Clauser, [90), 

expressed the equation for the inner profile on a rough wall in the 

following form: 

u 
::: AI log y + BI (4.10) 
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where 6U I U,:< represents the vertical shift of the logarithmic curve 

caused by the roughness. 

Perry and Joubert applied their method for ribbed surfaces, and 

for zero pressure gradient it can be summarised as follows: 

For the velocity u let y T be the distance measured above the 

crests of the elements and y be the distance from the logarithmic 

asymptote, this being located a distance £ 0 below the crests. From 

Clauser's equation it can be shown that 

u U 
C = A I IU2 10glO[(YT+£o)~1 + 1f/2 { AI log101f/ 2 + BI -

u.:c 
} 

(4.11) 

This can be put into the more experimentally convenient form using 

Clauser's numerical values 

u 

U 

where 

+ 

U 
P 1 = 1£/2 { 5.6 10glO(~ 1£12) + 4.9 -

(4.12) 

Representing the experimental points on a semilogarithmic plot of 

(u/U) versus log 10 YT and by addition of a chosen value of £ 0, from 

several attempts of trail and error, to each experimental point, a curve 

of (u/U) versus log 10 (YT + £ a) could be drawn on the same semi

logarithmic plot. From equation (4.12), the slope uf the asymptote, 

of the curve which comes close the experimental points, gives the 

value of 5.6/f/2. 
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§4.1.5 The Entry Length 

For fluid flowing in a pipe, turbulence is not necessarily estab-

lished very close to the inlet, in general, the eddy structure is es-

tablished only at a distance, the so called entry length, downstream 

from the entrance to the pipe. Only after this point is the charac-

teristic turbulence developed at the centre of the pipe, and only after 

this point are the mean velocities (in given regions of the pipe) in-

dependent of the distance along the pipe. 

According to Welty et al., [91], there is no relation available to 

predict the entry length for a fully developed turbulent velocity 

profile, but in general, due to experiments of Deissler, [92], a greater 

distance is required for a rounded entrance than for a sharp-edged 

entrance, since in the former the initial portion of the boundary layer 

is laminar and a laminar boundary layer increases in thickness more 

slowly than a turbulent one. 

Schiller and Kirsten, [93], observed that for turbulent flow at 

4 Re > 10 , L > 50 d were generally necessary for the formation of e 

a fully developed turbulent velocity profile. 

Later Davies, [94], derived the following equation to calculate the 

entry length for turbulent flow in smooth pipe 

Le = 1.41 d ReO.
25 

(4.13) 

and claimed that it can be safety assumed for smooth pipes that 

(L jd) approaches 100. Rough pipes, bent pipes, or pipes with sharp 
e 
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edges have (L /d) values usually much smaller than 100, e.g. as low 
e 

as 30 or even less. 

The use of roughness to reduce the entry length, L may be il
e 

lustrated by the device of Rube, [95], to reduce the inlet length. 

He introduced an initial section of length (5d) with severe roughness; 

a stable turbulent profile then develops in the otherwise smooth pipe 

within a total distance of (15d) from the inlet point. 

More recently, calculations by Walklate [96], have shown that in a 

highly turbulent duct flow, the boundary layers develop quickly and 

usually interfere at 15 to 20 diameter downstream of the inlet, [97]. 

Kelly, [77], calculated the entry length required for the flow in 

the channel of the reactor to become fully developed turbulent flow 

according to the following equation : 

L = 1. 35 d ReO. 25 
e e 

where d is the effective diameter of the channel. 
e 

§4. 2 Performance of The Channel 

§4. 2 . 1 The Flow Rig 

(4.14) 

A circular cross-section pipe was designed and constructed to carry 

out the required experiments for studying the deposition of sub-micron 

particlp s on to the fuel rod surface. 
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The working section was located at a position where the flow is fully 

developed and was chosen on the basis that the entry length must 

be at least equal to that introduced by Kelly, [77], using: 

L = 1.35 d ReO. 25 
e e (4.14) 

Dummy fuel rods were inserted in the entry length of the pipe 

before the working section to make sure that the flow was fully de-

veloped. 

A suction fan was used via a butterfly valve with six openings to 

obtain the required Reynolds number of the air flow similar to those 

found in the Windscale gas cooled reactor; about 3 x 105 , [2]. 

Air flow was drawn from room conditions through a big wooden box 

(1 x 1 x 2 m), which was provided with an absolute filter to prevent 

any dust or undesirable particles entering the flow rig. 

Davies, [26], pointed out that swirl must be avoided in experiments 

of this sort, honeycomb flow straighteners were therefore used in two 

positions. One at the inlet of the channel with another before the 

butterfly valve, to prevent any swirl formation in the flow. 

The layout of the experimental rig is shown in Fig. I}. 1. a. 

The fuel rod surface is divided into a number of sections, each 

4.8 em long and containing the same number of ribs. These sections 

were assembled together by using a tie-rod and means of specially 

manufactured ferrules between the individual sections the rod was 

re-assembled to its original form. Fig. 4.1. b shows the method of 

assembly. The ability to break down the test rod into smaller sections 
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meant that after the tests, the deposition on each section could be 

measured individually to obtain the spatial distribution of deposit. 

For purpose of comparison, a smooth rod with the same diameter 

was used as a parallel case to measure the corresponding deposition 

rate onto smooth surfaces. As with the ribbed rod, the smooth rod 

was divided into sections each 5 cm long but a slightly different 

technique was used for assembling the sections. Because the smooth 

rod had a considerable thickness, the ends of each section was ma

chined to form a spigot which fitted neatly into the mating piece. This 

technique of assembly is shown in Fig. 4.1. c . 

In both cases the rods were earthed to avoid any electrostatic ef

fects on the experimental deposition results. 

§4. 2.2 Pressure Distribution along the Channel 

It was assumed that the pressure is constant in the radial direction 

through the pipe flow rig. A set of four static pressure tapping were 

fixed at positions upstream and downstream of the working section and 

at another two positions before the working section. The aim of fixing 

these pressure tapping was to get the mean static pressure along the 

channel by using a micro-manometer. It was found that there was no 

difference between the readings of the manometer when the smooth 

rod was replaced by the ribbed surface rod. This is because the rods 

have a much small diameter than the pipe. 

The pressure distribution along the channel is shown in Fig. 4.2, 

for the fifth position of the butterfly valve which gave a Reynolds 
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number of the flow of about 3 x 10
5

. From the figure, it can be con-

sidered that the flow through the working section is fully developed. 

This consideration may be supported by the formula of Latzko, [98], 

which predicted the entry length required for the friction factor to 

be constant. This formula determined the length by: 

1""' J ., .) 

L = 0.623 d e e (4.15) 

and has a good agreement with the theoretical results of Deissler, 

[99], for turbulent friction factors for flow in the entrance section 

of circular tubes. These results show that at a distance of about 10 

diameters from the entrance, the static pressure gradient becomes 

constant. While the local friction factor which is [t 0 / !pU2], becomes 

constant in a distance of about 6 diameters indicating that the velocity 

profile adjacent to the wall becomes established in a short distance. 

§4. 2.3 Velocity Distribution through the Working Section 

A DISA hot wire anemometer type 55D01 was used to measure the 

mean velocity and the turbulence intensity in the working section. 

The anemometer was connected, after its calibration using a Pitot tube 

and micro-manometer, with a lineariser which was connected to a 

digital voltmeter to read the instantaneous mean velocity corresponding 

to the radial position. Also a RMS voltmeter was connected with the 

lineariser to read the corresponding velocity fluctuation. 

The probe used for these measurements was a hot wire type 55Pll 

5 llm diameter platinum plated tungsten wire. This probe was traversed 

in the radial direction by using a fine traversing mechanism. These 
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measurements were carried out at positions upstream and downstream 

of the working section. 

Six velocity distributions were obtained for the smooth rod and for 

the ribbed rod at both positions. The velocity profiles are shown in 

Figs. (4.3 - 4.6), in which the instantaneous mean velocity is plotted 
.:. 

against the radius r , which is defined as 

::( r - rl 
r = (4.16) 

rz - rl 

where 

rl the radius of the inside rod, 

rz the radius of the outside pipe, 

r the radius at which the velocity was measured. 

The value of the mean velocity is calculated according to 

ur dr 

U = (4.17) 

r dr 

where u is the instantaneous mean velocity. 

The values of the mean velocity and the corresponding Reynolds 

numbers and the mass flow rate are shown in Tables 4.1 and 4.2. 

The effect of the surface roughness displaces the velocity profile 

slightly towards the smooth wall without changing the value of the 

mean velocity. 
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§4. 2 . 4 Skin Friction Coefficient 

A different probe, a boundary layer hot-wire type 55P15, was used 

to measure the instantaneous mean velocity close to the surface. Using 

a fine traverse mechanism, twenty readings were recorded within 1 

cm above the surface. These measurements were taken on the smooth 

rod at the upstream and downstream positions. 

A Clauser chart was constructed, using the computer facilities, 

from equation C 4.2), to determine the skin -friction coefficient. Next 

the experimental measurements were plotted and the value of the 

skin-friction factor was determined by matching the experimental data 

to the theoretical curves. Twelve charts were drawn to determine the 

value of the skin-friction factor at the upstream and downstream 

stations for the six available positions of the butterfly valve. Fig. 

4.7 shows Clauser's method applied at the downstream position. 

The Preston tube method was used as another technique to deter-

mine the skin -friction factor for the smooth rod surface. The readings 

of the manometer were recorded for both upstream and downstream 

positions, then the corresponding skin-friction factor was calculated 

using the equation obtained by Lewkowicz et al., [88]. 

Lee, [100], has summarised the experimental and empirical friction 

velocity equations for fluid flow through a pipe. Two common equations 

have been chosen for comparison with the skin-friction factor deter-

mined in the present work. First is the equation of Reichardt, [101], 
:::t 

for any value of y > 0 

* u 
",< y 

= 2.5 InC1 + 0.4 y ) + 7.8 [1 - e-~ 
y 

- --
11 

,'t 
e-0 . 33y ' 

(4.18) 
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the second equation of Deissler, [102], for /< > 26 

-'. ',-
u = 2, 78 In y + 3, 8 

where 
~t u 

u = 
u)~ 

>:< u* y = y --v 

(4.19) 

For purpose of verification, the above two equations were drawn 

using the computer facilities. The corresponding friction velocities 

were calculated and the experimental points were plotted for each case. 

The final graphs are shown in Fig. 4.8, which show a reasonable 

agreement between the last two equations and the experimental meas-

urements. 

§4. 2 . 5 Friction Factor for Rough Fuel Rod 

Hall's method, [89], which determines the friction factor for 

channels having rough and smooth surfaces, as in the pipe flow rig, 

depends on the mean friction factor of the channel. Because of the 

fuel rod is so small with respect to the size of the channel, the dif-

ference in average pressure gradient was not measurable when the 

rough and smo:>th rods were interchanged. 

The method of Perry and Joubert, [6], was chosen in which the 

slope of the asymptote line is equal to 5.6 -1£/2. The representation 

of this method at downstream position of the working section is shown 

in Fig. 4,9. 
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It is difficult to find a similar type of rough surface having the 

same dimensions as the channel to obtain a suitable comparison, but, 

in general, it was found that the friction factor obtained by Perry 

and Joubert was in the same range as that correlated experimentally 

by Winkel, [103], which is 

f = 0.165 Re -0.2 (4.20) 

and with the experimental data shown by Wilkie, [1]. 

§4.3 Air Flow over Heated Rods 

It was described earlier (Section 2.6) that thermophore sis is the 

phenomenon that occurs at a surface as a result of the temperature 

gradient which exists due to a difference in the temperature of the 

surface and that of the gas flow. An electrical resistance heating 

technique was used to heat the test surfaces. 

This technique for heating was decided upon in preference to other 

methods of heating (hot air, steam or direct electrical heating), be

cause of its convenience. Firstly, the test rods were divided into 

sections for deposition tests requirements, therefore, using a hot fluid 

flow to heat the test rods would effect on the deposition test due to 

the leakage which would occur at the joins of the individual sections. 

Secondly, the diameter of the test rod is small (about 1.6 cm), and 

therefore, so, would be the mass flow rate of the hot fluid; it would 

therefore be necessary to heat the fluid employed in the heating 

process to a high temperature or the resultant surface temperature 

would be too low. Thirdly, any contamination in the heating fluid 
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would be deposited onto the inside surface of the test rod, which 

would effect the final deposition measurements. 

For the electrical resistance heating technique, it is not possible 

to use the test surface directly because of the joins between the in

dividual sections, which would suffer from localised heating. Instead, 

the tie-rod which was used for assembling of the sections, was heated 

after being electrically insulated from the test surface and the sup

porting flanges using a monolux-500 insulation material. 

§4. 3.1 Electrical Resistance Heating Circuit 

The electrical resistance heating system is shown in Fig. 4.10, in 

which the electrical power required for the heating process is supplied 

to the tie-rod from a 240 volt, GO-cycle power transformer through a 

variable auto-transformer. The low-voltage leads from the transformer 

were connected to the ends of the tie-rod by flexible copper cables 

using copper bus bars. 

A voltmeter and an ammeter with a current transformer were pro

vided to the circuit for measuring the power input to the heating 

process after equilibrium conditions had been attained. 

Two springs were used at the end of the tie-rod to apply a con

tinuous axial compression on the assembled sections of the test rod 

to compensate for any effect of expansion due to heating. Also to allow 

the expansion of the tie-rod without any bending or buckling during 

the experimental time three fine stainless steel wires (about 0.2 mm) 

were used to carry the rod at three different positions. 
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§4. 3.2 Surface Temperature Measurements 

Thirteen copper-constantan thermocouples were distributed along 

the test rod surface at thirteen sections, in order to measure the 

temperature distribution along the surface. After getting the steady 

state operation conditions which took about 25 minutes, and by using 

the variable auto-transformer, it was possible to obtain approximately 

the same surface temperature profiles at a flow Reynolds number of 3 

x 105 for both the smooth and the ribbed surfaces, as shown in Fig. 

4.11 and Fig. 4.12. Figures 4.13 and 4. 14 show the higher surface 

temperature distribution which could also be approximately obtained 

at another different flow Reynolds numbers (6 x 10
4 

and 5 x 103 ) for 

both surfaces. 

§4. 3.3 Heat Transfer Calculations on the Rod Surface 

The heat transfer equation of the test surface can be presented 

in the following form: 

2 qO d e 2 

-- - m e + = 0 (4.21) 
2 k 

dx 

in which 
2 h P m = 

k A 

where 

e the temperature difference (T - T ) , s a 
o 

q heat generation per unit volume of the test surface, 

h heat transfer coefficient by convection, 

k thermal conductivity of the surface material, 

A cross-sectional area of the test surface, and 
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P perimeter of the test surface. 

A finite difference method can be used to solve the previous 

equation (4.21) using the recorded data of surface temperature, air 

temperature and the reading of the voltmeter and the ammeter after 

equilibrium conditions had been attainpd. However, since the heat 

transfer by conduction through the test surface in the axial direction 

is so small with respect to that transferred by convection from the 

surface to the flowing air, a simple calculation can be made by con

sidering only the heat transfer by convection from the surface. 

The calculated heat transfer coefficients for each case are shown 

in Figs. (4.15) and (4.16) for both smooth and ribbed surfaces at flow 

Reynolds numbers 3 x 105 , 6 x 104 and 5 x 103 . Fig. 4. 17 shows a 

comparison of the corresponding Stanton number, St of smooth and 

ribbed surfaces for flow Reynolds number of 3 x 105 , with the formulae 

introduced by Burgoyne et al., [104], and Rapier, [105]. Also the 

values of Stanton number, St, seem in the same range obtained ex-

perimentally by Wilkie, [1]. 
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CHAPTER 5 

EXPERI~lE:"-!TAL IXVESTIGATION OF PARTICLE DEPOSITION 

O~TO RIBBED AND SMOOTH SURFACES 

§5.1. Introduction 

The work described in this chapter is the experimental part which 

complements the theoretical approach described in chapter 3. 

The first step in this work was the design and construction of the 

pipe flow rig; the performance of the pipe flow was established in 

chapter 4. 

Since the main purpose of this chapter is to study the deposition 

of particles onto AGR fuel rod surface, the particle generator was 

calibrated to produce particles with diameters similar to those which 

were thought to exist in the AGR, as described in chapter 1. Mass 

median diameters of 0.25 '\lm and 0.05 '\lm were successfully obtained 

from different uranin solution strengths of 5 0/0 and 0.2 0/0' The 

geometric standard deviations of the particle diameters were 1.64 and 

1. 47 respectively. 

The deposition tests were carried out using an AGR fuel rod, with 

its ribbed surface, and a hydraulically smooth rod. This enabled a 

comparison to be made between the deposition rates onto the ribbed 

surface and those onto the smooth surface. The smooth surface data 

could then also be used to compare the present study with the pub-
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lished data. The thermophoretic study was also carried out using 

ribbed and smooth surfaces. For experimental purposes each type of 

rod was divided into equal sections which could then be re-assembled 

over a tie-rod as described in section 4.2.1. 

The deposition rate is usually characteris. d by the deposition ve

locity, V which, as its name suggests, has the dimensions of velocity 

and is the mass deposition rate per unit area of the surface per unit 

time, N, divided by the free stream concentration, co, i. e. 

N 
(5.1) V = 

§5.2 Particle Concentration Measurements 

The particle concentration in the free stream flow over the surface 

must be known to calculate the deposition velocity. The concentration 

of a particulate cloud can be found by collecting a sample of the free 

stream flow and measuring the mass of particulate material in that 

sample. 

The probe as shown in Fig. 5. 1 was designed to obtain the required 

samples for each deposition test. It consists of a suction tube bent 

to face the direction of the flow stream. The top of this tube is cov

ered fit by a brass cap which has a thin thickness and its top end 

is conical at small angle and grounded into a knife-edge according to 

the recommendation of Parker, [106], in order to minimise the dis

turbance in the flow due to the presence of the probe. 

El-Shobokshy, [11], and DaVies, [12], used isokinetic sampling for 

measuring the free stream particle concentration, in which the velocity 
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of sampling must be equal to that of the free stream. If the velocity 

of sampling is greater than the free stream, some larger particles will 

fail to be diverted into the orifice of the probe and the measured 

concentration may be less than the true one. On the other hand, if 

the sampling velocity is smaller than the free stream velocity, the 

larger particles will tend to cut across the streamlines and be carried 

into the orifice, so that the measured concentration may be exceed 

than the true particle concentration. 

In practice, very small particles, as in the present case, have low 

inertia and follow deflections of the streamlines, due to the presence 

of the probe and particles in the suspending medium are drawn into 

the probe in the correct proportions. This can be concluded from the 

work of Watson, [107J, for particles in atmospheric air in which the 

concentration measurements were found to be constant for particles 

having mass median diameter below 4 llm, for sampling velocity in the 

range 0.5 to 2.0 times the free stream velocity. 

The sampling procedure begins by cutting the millipore filter paper 

to a size equal to the outside diameter of the top end of the suction 

tube using a clean knife-edged wad puch. For each experiment the 

millipore filter paper was placed over the top of the suction tube and 

the cap fitted over it. The probe was inserted through the pipe wall 

into the flow facing upstream and left there for a certain interval of 

time. After this period the probe was removed and the filter paper 

was immersed in a known amount of de-ionized water and the resulting 

solution for each sample analysed in the fluorimeter. Using a flowmeter 

connected between the suction tube and the vacuum pump the flow 
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rate and hence the total volume of the air drawn was known. The 

concentration of the particles in the free stream could then be calcu

lated. 

§5.3 Deposition Experiments 

The experimental technique which has been used previously by 

several investigators in this kind of work was based on the preparation 

of a reception surface using an aluminium foil tape which covered the 

real surface and upon which the particles could deposit. After the 

deposition run the tape was cut into sections, then each was removed 

in turn and wrapped around a glass rod. The glass rod was placed 

into a test tube containing a certain amount of de-ionzed water. After 

the particles had dissolved into the water the resulting solutions were 

analysed using the fluorimeter and the mass deposited thereon could 

be found. 

In the present work the situation is different where the AGR fuel 

rod has a regular ribbed surface; therefore the technique established 

previously was not suitable. Instead, the real surface was used di

rectly for measuring the deposition of particles. The technique for 

assembling the individual sections of the rod is described in section 

4.2. 1. It was decided to use the real surface of the smooth rod to 

make a comparison between the deposition results for smooth and 

ribbed surfaces under a similar conditions. The same experimental 

technique for measuring the deposition rates were used for both the 

unheated and heated surfaces. 
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§5. 3.1 Experiments on Isothermal Surfaces 

The procedure for carrying out the deposition tests at normal 

laboratory temperatures was as follows: 

1- It was necessary to make sure that the atomisers contained suffi

cient solution to complete the experimental run. This was made possible 

by filling the jars of at the beginning of each run up to the maximum 

permitted level. 

2- It was important to ensure that the sections of the rod and the 

connecting ferrules were absolutely clean by carrying out the following 

washing procedure: 

Washing and boiling the sections and ferrules using detergent and 

tap water to remove any substances remaining from previous deposit. 

The solution is then drained and the sections washed under running 

tap water. After rinsing, the sections are put in a basin containing 

de-ionized water for washing again. The water is then drained and 

the sections again put into fresh de-ionized water and reboiled. After 

boiling for a few minutes, the sections are transferred to a rack and 

kept in a desiccator containing silica gel. The sections are kept in the 

desiccator overnight before using, no force drying should be appUed. 

3- The necessary glassware for the experiment was also prepared 

by applying the above procedure. After drying in the desiccator the 

test tubes were filled with a measured amount of de-ionized water to 

be ready for the free stream samples. 

4- The tie-rod was cleaned with ethanol before assembling the indi

vidual sections over it. The assembly process was carried out using 
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fine tweezers. Then the assembled rod was mounted in its place within 

the working section. 

5- The compressor was switchedon and the receiver was charged to a 

pressure of 120 psi. Compressed air at 40 psi (about 2.8 bar) was 

supplied to the atomisers via a regulator. A two-way valve, installed 

between the holding chamber and the flow rig , was used to divert 

the aerosol out of the laboratory while the atomisers were settling down 

to the steady operations. 

6- The fan of the pipe flow rig was switched on, then the control valve 

was adjusted to allow the particles to enter the pipe flow rig through 

the inlet wooden box to commence the test. 

7- At the same time, the vacuum pump was switched on and during 

the one-hour test, samples were extraced at regular intervals of time 

depending on the flow Reynolds number and the size of the particles 

being produced by the particle generator. For example, when the flow 

Reynolds number was 3 x 10
5 

and the particle size was 0.25 llm, the 

interval of time during which samples were extracted was five minutes, 

whilst for the same particles the interval of time was three minutes 

3 
when the flow Reynolds number was 5 x 10 . Also the amount of 

de-ionized water used to produce the solution for analysis in the first 

case was five m£ whilst for the second case was twenty m£. 

8- At the end of the one-hour run, the butterfly valve was closed. 

Irrunediately, the pipe flow rig, the particle generator and the 

compressor were switched off. The test tubes were filled with known 

amount of de-ionized water for dissolving the deposited particles. 
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The lid of the working section was taken off and the rod was carefully 

taken out without touching the surface. The rod was dis-assembled 

using fine tweezers and each individual section of the rod was placed 

in the appropriate labelled test tube. 

9- All the test tubes of the free stream samples and the individual 

sections of the rod were transferred to the fluorimeter room for 

analysis. 

From preliminary measurements of the deposition rate it was found 

that the values of the deposition rate were not constant along the rod. 

Therefore it was decided to repeat each experiment three times under 

the same conditions to obtain more data from which the mean value 

could be calculated. 

Because of the possibility of contamination of the the inlet air flow, 

where the efficiency of the absolute fitter at the inlet could be limited, 

a background test was carried out as recommended by previous 

workers in this field. The background test was carried out following 

the previous procedure described above but without injecting any 

particles, i. e. the particle generator was switched off. The net values 

of the deposition rate of particles along the rod was calculated by 

reduced the measuring values by a value equal to the ratio of the mean 

background value to the mean value of the measurements along the 

rod. 
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§5.3.2 Duration of Test 

In previous work at Liverpool relating to sub-micron particulate 

deposition investigators carried out the deposition tests over a period 

of one hour; it was accepted that this length of time was sufficient 

for the pattern of deposition to be established. It was also assumed 

that no particle re-entrainment would occur. In the present study some 

preliminary experiments were carried out to test these assumptions. 

Consequently, experiments were carried out over periods of one, 

two and three hours for the particle size of O. 25 \lm and with the 

smooth and ribbed unheated surfaces for the flow Reynolds number 

of 3 x 105 . Each experiment was carried out three times, [The relevant 

results for each test run are shown in figures 5.2, 5.3 and 5.4 for 

smooth surface and in figures 5.5, 5.6 and 5.7 for ribbed surface] 

and the mean value of the deposition velocity to the surface was cal-

culated together with the error based at the 95 0/0 confidence limits 

95 0/0 confidence limits = P ± 1.96 C1 

where 

P the mean value of individual readings, = 1 

n 

Pi the individual reading, 

n the number of readings, 

C1 
C1 the standard deviation of the mean, = 

In 

a the standard deviation of the readings, = .; 

(5.2) 

P. 
1 

!. (P -

n 

101 



The mean deposition values and their 95 010 confidence limits were 

plotted against the corresponding time of the experiment for both the 

smooth and ribbed surfaces. as shown in Fig. 5.8 and Fig 5.9. The 

linear increase in the level of deposition indicates that the test period 

of one hour is adequate. It also suggests that particle removal is not 

occurring. 

§5. 3.3 Particle Re-entrainment 

It was mentioned earlier in section 3.3 that the assumption that the 

surface behaves as a perfect sink (i.e. no deposited particles are 

l'e-entrained) should be examined. The deposition tests for different 

periods of time, outlined above, suggest that the assumption is valid. 

The assumption can be further tested by carrying a "blow -off" test. 

This was achieved using the smooth rod, the 0.25 pm particles and 

the highest flow Reynolds number since these conditions were assumed 

to be the most likely to cause re-entrainment in the present exper

iments. 

The particle deposition test was carried out as described earlier 

for a one hour-run. After this time the pipe flow rig J the particle 

generator and the vacuum pump were switched off and the rod was 

taken out of the working section and dis-assembled. Alternate sections 

of the rod were taken for analysis and replaced with clean sections. 

The rod was again re-assembled and put back into the working sec

tion. The air flow was then switched on but this time no particles were 

injected. After a further one hour the remaining sections of the ori

ginal rod assembly were removed for analysis. 
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§5. 3.4 Experiments on Heated Surfaces 

The deposition tests were carried out using heated rods to inves

tigate the effect of thermophore sis on the deposition of particles. The 

test procedure for the heated rod was the same as for the unheated 

rod using a one hour run as described in section section 5.3.1. To 

apply the heating, after the assembled rod had been mounted in the 

working section, the two ends of the tie-rod were connected to the 

low-voltage leads of a transformer via flexible copper cables using 

copper bus bars. Before the particles were injected into the pipe flow 

rig, the steady state surface temperature had been obtained for each 

case using a variable auto-transformer. 

A thermocouple was fixed to the section in the middle of the rod 

and connected to a digital thermometer and was used through out the 

experimental period as a monitor to check the temperature of the 

surface. Therefore this section was not used for the deposition 

measurements. From the earlier heat transfer experiments it was 

possible to deduce the overall temperature profile based on the single 

monitored temperature reading. 

After the one-hour run all the apparatus was switched off and the 

rod was left to cool. Following this period the rod was dis-assembled 

and analysed as before. 

As for the isothermal tests, regular background readings were 

taken for the tests of heated surfaces 
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§5. 4. General Precautions observed during the experiments 

Perfectly clean conditions must be maintained during the exper

iments of deposition of sub-micron particles. Therefore general prec

autions must be taken into consideration, some of these were learned 

following the experience of previous investigators, [11]. The prec

autions which have been carefully considered in this work are as fol

lows: 

a - The glass slides for electron microscope analysis were cleaned 

using an ultra-sonic apparatus after they had been subjected to 

a concentrated washing process. Also the slide was cleaned by 

an air-dust spray before it was inserted into the output table 

from the particles generator, to receive the deposited particles. 

The specimens were always kept in the desiccator. 

b - The sections of rods, the glassware and the cuvettes used in the 

fluorimeter analysis were always kept in a big desiccator after 

they had been subjected to a concentrated washing process, and 

they were only taken out just before use. 

c- The millipore filters which were used for measuring the free 

steam particle concentration were always placed in a special clean 

glass casing and kept in a clean cupboard. Also any tool used 

in the test was kept in that cupboard after it had been cleaned 

by ethanol. 

d- Using the aerosol generator occasionally involved handling the 

jars of the atomisers 1 which contained the fluorescine solution. 

Due to the pressure inside the jars and the strength of the sol-
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ution bubbles were produced inside the jars, so a leakage of 

bubbles occasionally occurred. Also the drain of the impactors 

had to be removed from time to time. Therefore from the begin

ning of the test, hands were carefully washed after any equip

ment of the aerosol generator had been touched to avoid any 

con tamina tion . 

e- Considering the chemical instability of the uranin solution, only 

the necessary amount was prepared for carrying out the one 

deposition test (about 3 litres), and reference solution from which 

the standards were prepared, was not kept in the jars more than 

one month without renewal. Also the atomisers, the impactors 

and the connection tubes were cleaned occasionally to maintain 

the aerosol generator in a good working condition. Failure to do 

this can result in blockage of the holes of the atomiser or those 

of the impactor plates, also dry uranin can cover the inside wall 

of the connection tube to reduce the flow of the produced aerosol. 

f- The working section of the pipe was always cleaned using a large 

piece of tissue wetted by ethanol and left to dry before the test 

rod was mounted to prevent any aggregation of particles from 

earlier tests. 

g- After the deposition and background runs the test tubes con

taining the sections of the test rod, were kept in a clean 

cupboard during the dissolving process which has been recom

mended to be not less than 10 minutes. 

h - The fluorimeter, having very sensitive interior parts, should 
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be kept in a cool and clean place to prevent any contamination 

from airborne particles reaching its sensitive interior parts. Also, 

the fluorimeter must be switched on to warm up for 60 minutes 

to be ready for use. The heat generated from the mercury lamp 

may cause air borne particles to deposit on the three main filters 

inside the instrument. Therefore, the filters were cleaned before 

the analysis as any surface deposited particles might alter their 

optical characteristics. 

i- Since the florimetric analysis may take more than 1 hour after 

warming up, the heat generated by the fluorimeter can affect 

sensitive internal parts as well as the characteristics of the 

standard solutions hence readings were repeated twice to obtain 

a mean value. 

j- The reference solution and the standard solutions used in the 

fluorimeter analysis were very weak (reference solution was 10 

llg/mt and standard solutions were 0.01 to 0.5 llg/mt). It was 

reported that fluorescine sodium solutions of low strength such 

as those in the present analysis are very sensitive to temperature 

and unstable from the chemical point of view and their charac

teristics can change within a period of a few days. Therefore the 

solutions were kept in a cool and clean place renewed after about 

ten days. Whilst the standard solutions were kept for not more 

than two days. 

k- For all of the deposition experiments, the tests were repeated 

three times to achieve a better accuracy in the final results. 
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§5.5 Experimental Results 

The experimental study of the particle deposition can be classified 

into two main groups corresponding to the cases of the heated and 

unheated surfaces. Within each of these groups the experimental study 

investigated the effects on the deposition rate of surface roughness, 

flow Reynolds number and particle size. 

The graphical results presented in this section also include the-

oretical1y predicted data. To avoid confusion these should be over-

looked for now but will be returned to late in chapter 6. 

§5. 5. 1 Deposition Results for isothermal surfaces 

In accordance with the experimental procedure described in section 

5.3.1, a set of deposition tests were carried out for particles having 

mass-median diameters of 0.25 and 0.05 llm at three different flow 

Reynolds numbers (3 x 105 , 6 x 104 and 5 x 103 ) on isothermal smooth 

and ribbed (AGR) surfaces. 

The experimental results were first plotted as a histogram form, 

where each interval represented the length of the corresponding sec-

tion of the test rod. Then, for purpose of clarity it was decided that 

the mid-points of the intervals could be used to represent the position 

along the test rod. 

Figs. 5.2, 5.3 and 5.4 show the deposition velocity of the 0.25 

llm particles along the axial distance of the smooth rod when the 

5 
Reynolds number was 3 x 10 for a test run of 1, 2, and 3 hours 

respectively. Each graph represents three repeated tests and thus 

illustrates the typical experimental scatter. 

107 



Figs. 5.5, 5.6 and 5.7 show the deposition velocity for the same 

conditions but along the ribbed rod. 

The mean value of the mass deposited per unit area and the cor-

responding 95 o! 0 confidence limits for all the tests carried out under 

the same conditions have been calculated using equation (5.2). Figs. 

5.8 and 5.9 show the calculated values for the smooth and the ribbed 

rod respectively. 

The mean value of the deposition velocities for all the experimental 

data for the 1, 2 and 3 hour runs was calculated together with the 

corresponding 95 0/0 confidence limits. The final results for the 

smooth rod are shown in Fig. 5.10, while the results for the ribbed 

rod are shown in Fig. 5.11. 

Fig. 5.12. a shows the deposition velocities of three experiments of 

the blow-off tests for 0.25 llm diameter particles on smooth rod where 

5 the flow Reynolds number was 3 x 10 . The mean value of the depo-

sition velocity before and after the blow-off test and the corresponding 

95 0/0 confidence limits are compared in Fig. 5.12. b. 

To investigate the effect of the flow Reynolds number on the de-

position velocity, the deposition test of 0.25 llm particles was carried 

out for another two flow Reynolds numbers of 6 x 104 and 5 x 103 . 

The mean value of the deposition velocity along the axial distance of 

the test rod for three experiments were calculated. Fig. 5.13 shows 

the deposition velocity for the smooth rod and the ribbed rods at 

different Reynolds numbers. 
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Fig. 5.14 shows the deposition velocity for the 0.05 11m particles 

onto the smooth rod after one hours run with a flow Reynolds number 

5 of 3 x 10. Fig. 5. 15 shows the deposition velocity along the ribbed 

rod surface for the same conditions. 

For the 0.05 '!lm particles, the deposition velocities along the smooth 

rod for flow Reynolds number 5 x 10
3 

are shown in Fig. 5.16 J whilst 

the deposition velocities under the same conditions for the ribbed rod 

are shown in Fig. 5. 17. 

§5. 5.2 Deposition Results for Heated surfaces 

As described earlier in section 4.3.2 it was possible to obtain ap-

proximately the same surface temperature profiles at flow Reynolds 

number of 3 x 105 for both the smooth and the ribbed rods. For each 

of the surface temperature profiles shown in Figs. 4.11 and 4.12 J 

deposition tests were carried out for the smooth and the ribbed rods 

for one hour runs. Also each test was repeated three times as for the 

isothermal tests. 

The deposition velocity for each test was calculated and to show 

the effect of thermophoresis, it was decided to represent the exper-

imental data as a ratio of the local deposition velocity of the heated 

rod (V th) to the mean value of the deposition velocity of the isothermal 

one (V ). o 

Figs. 5. 18, 5.19 and 5.20 show the deposition velocity along the 

axial distance of the smooth rod, for the three surface temperature 

profiles of Fig. 4.11. The percentage ratio of V th/V 0 along the ribbed 
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rod having the three temperature profiles of Fig. 4.12 are shown to-

gether in Fig. 5.21. 

The deposition tests were carried out and repeated three times for 

4 3 one hour runs for flow Reynolds numbers of 6 x 10 and 5 )( 10 at 

higher surface temperature profiles ( as shown in Figs. 4.13 and 4.14 

) for both the smooth and the ribbed rod. Figs. 5.22 and 5.23 show 

the percentage ratio of V th/V 0 for the smooth heated rod whilst Figs. 

5.24 and 5.25 show the effect of thermophore sis for the ribbed heated 

rod under the same conditions. 

To investigate the effect of thermophoresis on the deposition ve-

locity for the different size particles, the deposition tests were re-

peated for the O. 05 ~m particles for both the smooth and the ribbed 

5 3 
rods for the flow Reynolds numbers 3 x 10 and 5 x 10 . 

Figs. 5.26 and 5.27 show the percentage ratio of V th/V 0 for the 

smooth heated and the ribbed rods respectively when the flow 

5 3 Reynolds numbers was 3 )( 10. For flow Reynolds numbers 5 x 10 

the corresponding results are shown in Figs. 5.28 and 5.29 respec-

tively. 

§5.6 Discussions of the Experimental Results 

§5. 6.1 Results for Isothermal surfaces 

The primary results show a variation of the deposition velocity 

along the test rods although the fluid flow within the working section 

was examined and calculated to be fully developed turbulent flow as 

described in chapter 4. This variation is typical of that found in 
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aerosol deposition experiments . Each experimental test was repeated 

three times to obtain a large number of measurements. Then the mean 

deposition velocity and the corresponding 95 0/0 confidence limits were 

estimated which gave consistent values as shown in Fig. 5.11 and Fig. 

5.12. for example. 

From Figs. 5.2 to 5.7 and Figs. 5.14 to 5.17. a comparison between 

the results of the smooth rod and those of the ribbed one show clearly 

the effect of the surface roughness on the deposition velocity. The 

deposition velocity increased due to the surface roughness for the 

range of particles used in this experiments (0.05 - 0.25 llm). This 

effect is greater at higher Reynolds number. for example the deposi

tion velocity for the ribbed rod increases four fold at Re = 5 x 103 

5 
and up to twenty fold at Re = 3 x 10 , compared with the corre-

sponding values for the smooth rod. The increased deposition for the 

ribbed surface is due to the increased turbulence at the surface which 

in turn increases the turbulent diffusivity. 

Fig. 5.13 shows that for smooth and ribbed rods the deposition 

velocity increases as the flow Reynolds number increases. This is due 

to the increase in the friction velocity which again promotes the tur-

bulent diffusivity. 

Comparison of the experimental results for the two particle sizes 

shows that the deposition velocities for the smaller particles are higher 

than those for the larger ones. This is because as the particle size 

increases the corresponding Brownian diffusion coefficient decreases 

which leads to a decrease in the value of the deposition velocity where 

the particle's inertial influence is still negligible. This is true up to 
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a certain size of particle after which the inertial effects begin to 

dominate, then the deposition velocity increases again with the particle 

size. 

This effect of particle diameter on the deposition velocity is im

portant for the smooth rod, and also for the ribbed rod, only at low 

Reynolds number. This can be seen from the data of Figs. 5.2 to 5.4, 

Fig. 5.13 and Figs. 5.14, 5.16 and 5.17. For the ribbed rod at high 

Reynolds number the particle diameter has nearly lost its effect on 

the deposition velocity where its value is about the same for the 0.25 

llm and the 0.05 llm particles, as shown in Figs. 5.5 to 5. 7 and Fig. 

5.15. 

The results of the time variation and the blow-off tests show that 

there is no evidence of re-entrainment of the deposited particles for 

both the smooth rod and the ribbed rod. Figs. 5.8 and 5.9 indicate 

that the mass of particles deposited per unit surface area can be 

considered to be a linear relationship with the experimental time within 

95 0/0 confidence limits for 1, 2 and three hour runs. Furthermore, 

the deposition velocity can be regarded as unchanged before and after 

the blow-off test, within 95 0
/ 0 confidence limits, for each case as 

shown in Fig. 5. 12. b. 

§5. 6.2 Results for Heated surfaces 

Generally speaking, all the results show that the deposition veloc

ities of particles onto the heated rods are less than the corresponding 

ones onto the isothermal rods. This indicates the effect of 

themophoresis on the d~position mechanisms. ConSidering the effect 
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of thermophore sis in more detail, the process is also influenced by the 

other parameters studied, i. e. : 

1- particle diameter. 

2 - surface temperature. 

3- flow Reynolds number. 

4- surface roughness. 

Comparisons between the results in Figs. 5. 18 and 5.28 and those 

in Figs. 5.21 and 5.29 show that the percentage ratio of the deposition 

velocity onto the heated rod to that onto the isothermal rod 

(V th/V 0) for the 0.25 llm particles is less than that of the 0.05 llm 

particles, at the same surface temperatures and flow Reynolds num

bers. In other words, the effect of thermophore sis on the smaller 

particles (0.05 llm) is less than that on the larger ones (0.25 ).IIll), 

due to the fact that smaller particles will have smaller temperature 

difference across them which, in turn leads to a lower molecular im

balance. This effect of thermophoresis is the same for both the smooth 

rod and the ribbed rod. It is also generally accepted that for particles 

larger than about 0.25 llm the thermophoretic effect reduces as the 

particle size increases. This is due to the increasing inertia of the 

particles which overcomes the thermophore tic force. This feature has 

been observed by Wood, [108], Owen, [109] and Owen et aI., [110]. 

Thus the particle sizes considered in the present work are those most 

susceptible to thermophore sis . 

For a given particle diameter and flow Reynolds number Figs. 5.21 

and 5.29 show that the percentage ratio of V th/V 0 decreases as the 

surface temperature increases. This can be seen from Figs. 5.18 to 
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5.20 for the smooth rod and Fig. 5.21 for the ribbed rod. As the 

surface temperature increases, the temperature gradient near to the 

surface also increases and this leads to an increase in the 

thermophoretic force acting on the particles. As the flow Reynolds 

number is increased the effect of thermophore sis reduces, for the same 

surface temperature. Figs. 5.22, 5.23 and 5.24 for the smooth rod 

and Figs. 5.25, 5.26 and 5.27 for the ribbed show that the percentage 

ratio of V th/V 0 for the higher Reynolds numbers is greater than that 

for the lower Reynolds numbers. This is a reflection of the higher 

friction velocity and greater turbulent energy which promotes the 

deposition of particles by overcoming the effect of thermophoresis. 

Finally, from the results of the same particle diameter, surface 

temperatures and the flow Reynolds numbers it can be seen that the 

effects of thermophoresis are reduced over the ribbed rods compared 

with its effect over the smooth rods. For example Figs. 5.18 J 5.19 

and 5.20 compared with Fig. 5.21 show that the percentage ratio of 

V th/V 0 over the ribbed rod are higher than the corresponding values 

over the smooth rod. This is again due to the enhanced turbulence 

near to the ribbed surface. 

§5.7 Comparison of the Experimental Results with those of other 

Investigators 

To make a reasonable comparison between two experimental results 

it is necessary to achieve equality of certain parameters such as the 

particle size, the fluid flow conditions and the test surface conditions. 

In practice, equality of such factors at the same time is difficult. This 

problem has been approached by plotting the deposition velocity in its 
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dimensionless form, V':,, against the dimensionless particle relaxation 

':< 
time, 1 , where 

>:' V 
V = 

u,:, 
(5.3) 

and 
2 

>:' u,:, 
1 = t 

\I 
(5.4) 

):c * 
These two parameters V and t include the previous factors for 

any particle deposition test. 

Montgomery and Corn, [111], introduced some selected data of Wells 

and Chamberlain, [22], Sehmel, [112] and Friedlander and Johnstone, 

[23] as well as their own data. Fig. 5.32 shows these data and the 

mean values of the present experiments for the isothermal smooth rods, 

from which it can be seen that the present results are consistent with 

these earlier studies. 

Fig. 5.33 shows the experimental measurements of the present work 

for the isothermal ribbed rods compared with the results of 

Chamberlain, [113] for very rough surfaces collected by Davies, [50]. 

Davies considered that for t less than 0.22, the deposition process 

is that of diffusion whilst for dimensionless relaxation times greater 

than this value, the deposition process becomes influenced by im-

paction. On this basis Fig. 5.33 shows that the dominant mechanism 

of deposition in the present work is that of diffusion as was concluded 

from the theoretical considerations of section 3.4.7. Also Fig. 5.33 

showS that the present experimental results are in the same range of 

those obtained by Chamberlain, [102]. 
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Also, Davies plotted the data of Wells and Chamberlain, [22], and 
~:c: 

that of Chamberlain, [113], when 1: was less than 0.22, in an attempt 

to validate two deposition equations for that range, where 

* -2/3 Y = 0.075 Sc (5.5) 

for smooth surfaces, and 

y* = 0.08 Sc- 1/ 2 
(5.6) 

for rough surfaces. 

Fig. 5.34 shows these equations compared with the experimental 

results of the present work for the smooth and the ribbed rods. 

Fig. 5.35 shows the present results for the isothermal smooth rods 

compared with the experimental results of Chamberlain et al., [41] for 

smooth surfaces. Fig. 5.36 shows the results of the isothermal ribbed 

rods of this work compared with those of Chamberlain et al., [41] for 

repeated ribbed surfaces also but with different pitch to height ratio. 

Again it can be seen that the results of the present work are in good 

agreement with work of Chamberlain et al., [41] 

Schack et al., [55], introduced the data of Sehmel and Sutler, 

[55], to verify their general correlation for deposition of particles from 

turbulent gases to completely rough surfaces. The roughness length, 

Yo was calculated according to the procedure of Chamberlain et al., 

[ 41], as shown in Fig. 5. 37. The resultant Yo 
): .. 

(y u,:J v) from the 

graph satisfied the condition of Schack et al., which was that for 

Yo':' > 7 to 14 the surface can be considered as "rough", when the flow 

5 
Reynolds number was 3 x 10 
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Fig. 5. 3~ shows the present results for the ribbed isothermal rod 

5 
for both particle sizes at Re = 3 x 10 compared with those of Sehmel 

and Sutler, [114] Again, the agreement is good. 

Returning to Fig. 5.13, the present data is compared with that of 

Wells and Chamberlain, [22], for different Reynolds numbers. AI-

though the particles used by Wells and Chamberlain were larger (0.65 

'\Jm compared with 0.25 '\.lm in the present data), the deposition rates 

over the smooth surfaces are similar those measured in the present 

work. The same is not true for the rough surfaces, however, where 

the deposition velocities for the larger particles are greater, showing 

that the surface generated turbulence has a greater influence in the 

eddy diffusion of the larger particles than of the smaller particles. 

Similar results have been obtained before by Chamberlain et aI., 

[41], who indicated experimentally that the aerodynamically smooth 

filter-paper surface was more efficient in capturing particles than the 

aerodynamically rough AGR type surface, as can be seen by comparing 

their results in Fig. 5.35 with those in Fig. 5.36. 

It should be mentioned that the experimentally measured results 

for the 0.25 '\.lm particles and isothermal ribbed rod of the present 

work were found to be eighteen times greater than the experimental 

value of Hahn et a1., [53], for 0.2 '\Jm. Hahn's data is at odds with 

the data presented above although the test surfaces used by Hahn 

also had two dimensional roughness elements and the flow Reynolds 

number in the same range as the present work. 

Although EI-Shobokshy, [11], and Davies, [12], stated that there 

was no evidence of particle re-entrainment in their work, their re-
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entrainment tests were carried out in different way. Their procedure 

was to repeat the deposition tests for different flow velocities for the 

same run time (one hour). Their conclusions were based on the ob

servation that the deposition rate increased as the flow velocity in

creased. It is believed that the procedure of the present tests used 

for studying re-entrainment is more convincing. Furthermore, there 

was a significant difference between the results of El- Shobokshy and 

Davies although the range of the flow conditions were the same. 

O'Brien et aI., [115], studied the deposition of particles onto a 

heated and unheated cylinder. Their experimental results show that 

the percentage ratio of the deposition velocity onto a 40°C heated 

cylinder (V th) to that onto the unheated cylinder (V 0) was about 85 

° / ° for 0.06 llm diameter particles and a Reynolds number of 9.6 x 

104 . The percentage ratio of V th/V 0 was about 30 0/0 for when the 

cylinder surface temperature was 60 °c for the same flow conditions. 

Comparison between these results and those of Fig. 5.28, indicate that 

O'Brien et a1. obtained a greater thermophoretic effect than the 

present study even at a lower surface temperature. This could be due 

to the very different boundary layer conditions. 
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CHAPTER 6 

EVALUATION OF THE THEORETICAL MODEL AND SCALING 

TO THE REACTOR CONDITIONS 

§6.1. Introduction 

As mentioned earlier, the main purpose of the present work is to 

study the deposition of sub-micron particles onto an AGR fuel rod. 

To fulfil this it is necessary to apply the proposed theoretical ap-

proach to the reactor conditions. Many experimental data have been 
condilion 

obtained for the reactor operating conditions, each has a different 
A 

temperature distribution of the fuel rod surface and in the coolant 

(CO 2) along the channel. Also, each data has different mass flow rate 

of the coolant used in the reactor. 

Typical data relating to the level of deposit and the corresponding 

temperature profiles have been obtained by Johnson, [2]. However, 

before applying the theoretical model to the conditions in the reactor 

it must first be compared with the experimental data presented in the 

previous chapter. 
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§6. 2. Comparison of the Experimental Results with the Proposed 

Theoretical Model 

§6. 2.1 Results for the Isothermal surfaces 

Although the experimental results showed good agreement with the 

available data of other investigators, as described in section 5.7, the 

theoretical model described in section 3.5 produced results which were 

significantly different to those measured experimentally along the 

smooth isothermal rod. For example the deposition measured along the 

smooth rod for the 0.25 llm diameter particles and a flow Reynolds 

number of 3 x 105 was about twice that predicted. Although differ

ences of this magnitude are not unusual in aerosol studies it was 

considered to be unsatisfactory. 

Similar differences between experimental results and theoretical 

models have been declared in the work of Whurr and White, [116] , 

Owen, [109] and O'Brien et al., [115]. For example the theoretical 

values of O'Brien et al. are just one percent of the experimentally 

determined deposition rate on an unheated cylinder when the theore

tical model proposed by Davies, [12], was used. 

To obtain a better agreement between the theoretical calculations 

and the experimental results for the smooth rod, the surface 

roughness was taken into consideration where the roughness average 

was measured using a Talysurf. The measurement consisted of 100 

readings including the joint between the individual sections. The re

sultant value of the roughness average was about 1.5 llm. This would 

normally be considered to be hydraulically smooth. 
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The theoretical deposition velocity considering the real surface of 

the smooth rod achieved a good agreement with the mean value of the 

experimental results especially at the higher flow Reynolds number. 

Fig. 5.11 shows the theoretical value of the deposition velocity com-

pared with the mean value of the experimental results and its 95 0/0 

confidence limits for 0.25 11m particles and a Reynolds number of 3 x 

105 over a smooth "real" surface. In Fig. 5.16 the effect of including 

the smooth surface roughness for a Reynolds number of 3 x 105 and 

for 0.05 11m particles is clearly seen. 

In Figs. 5.2, 5.3, 5.4, 5.10. a, 5.13 and 5.15, the theoretically 

predicted deposition velocities are shown together with the exper-

imentally measured values. These have all been calculated by substi-

tuting roughness into equation (3.33). 

For the ribbed rod, the calculation of the equivalent roughness 

by the method described in section 3.5. 1 failed to achieve a good 

agreement between the theoretical calculation of the deposition velocity 

and the experimental results. Also, it is difficult to relate the 

roughness associated with the ribs to the random roughness model 

used in the theory. For this reason it was decided to use a scaling 

factor to fit the theoretical values of the deposition velocity with those 

of the experimental results. The scaling factor (a) was chosen by 
,', 

multiplying f(k ') in equation (3.34) by a and adjusting its value until 
s 

a reasonable fit was obtained. This decision to place faith in the 

experimental data was based mainly on the good agreement of the ex-

perimental results with the data of other investigators, as described 
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in section 5.7, and the good agreement achieved for the smooth rod 

when the surface roughness was included in the calculations. 

The factor ( a. ) required for scaling the equivalent roughness to 

align the experimental data ",-ith the theoretical calculation was 0.1 as 

shown in Fig. 5.13, and it was decided to use this value in all of the 

analyses. The resulting theoretical prediction and the mean value of 

the experimental results and its 95 010 confidence limits are shown in 

Fig. 5.12 for the 0.25 llm particles and flow Reynolds number of 3 x 

105 . The resulting theoretical calculation for each deposition test is 

shown, together with the relative experimental data in Figs. 5.5, 5.6, 

5.7, 5.15 and 5.17. 

§6. 2.2 Results for the Heated surfaces 

The results for the heated rods show that the theory underpredicts 

the deposition velocity of particles, i. e . overstates the influence of 

the thermophoresis. The greatest discrepancy was seen in the case 

of particles having 0.25 llm diameter where the maximum difference 

was about eight orders of magnitude for the smooth heated rod. 

Again this huge discrepancy between the theoretical calculations 

of the deposition velocity and the experimentally measured results for 

heated surfaces has been declared in the work of previous investi

gators. The theoretical results of Whurr and White, [116], were about 

300 times smaller than the experimentally measured ones. This differ

ence in the work of Owen, [109], was up to two orders, while in the 

work of O'Brien et aI, [115), the theoretical value for points around 

the test cylinder were found to be practically zero for both 40 °c and 
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60°C mean surface temperature while the experimental deposition was 

found to be present. 

This exaggerated theoretical effect of the thermophore sis has been 

declared before by Ryley and AI-Azzawi, [117], for example, who show 

that if the internal steam heating were applied to the guide blades of 

a low pressure steam turbine then a temperature difference of just 

20°C would be sufficient to repel fog droplets away from the surface 

of the blade. On the other hand EI- Shobokshy, [118], showed that a 

30°C temperature difference is sufficient to prevent the deposition 

of particles less than 1 llm in a turbulent pipe flow. 

The reason for this discrepancy between the theoretically predicted 

values and the experimentally measured results could be due to the 

presence of the eddies of turbulence in the flow penetrating through 

into the laminar sub-layer in a manner described by Kline et aI., [29], 

The particles would be expected to be captured by the surface in the 

downward sweep of new fluid which follow the bursts without being 

affected by the mean temperature gradient. An isolated eddy can 

contain large numbers of particles and will have its own temperature 

gradient which will have no relation to the mean gradient. Further

more, the experimental measurements which support the theoretical 

expressions of the thermophore tic velocity were carried out in a 

quiescent flow condition where the effects of the eddies of turbulence 

were absent. 

The relevant equation of the deposition velocity, used in the 

present work, is an exponential function and very sensitive in par

ticular to the calculated value of the velocity of themophoresis, V
T

, 
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The themophoretic velocity itself is derived from the expression due 

to a fitting formula of Talbot et a1., [64). They claimed that their 

formula was found to agree within 20 0 I 0, with the majority of the 

available data. Unfortunately, these errors would accumulate and 

magnified by the exponential function used in the calculations of the 

deposition velocity in the presence of thermophore sis . 

In an attempt to overcome this discrepancy between the theoretical 

predictions and the experimentally measured deposition velocity, at-

tention was drawn to the expression for the thermophore tic velocity 

where the suspect parameter is the temperature gradient. A correction 

factor was therefore used to scale the temperature gradient to align 

the experimentally measured results with the theoretically predicted 

values. The resulting scaling factor, ( e ) was found to be 0.2. Fig. 

6. 1 shows the deposition velocity for the 0.25 \.lm particles with a flow 

5 Reynolds number of 3 x 10 for the smooth rod heated to about 95 

°C. No physical model is presented to justify factoring the temper-

ature gradient other than the observation that the actual gradient 

present under deposition conditions may well be less than the average 

thermal gradient at the surface. The theoretically predicted values 

of V th/V 0 are shown together with the relevant experimentally meas

ured results, in Figs. 5.18 to 5. 3t. 

Fig. 6.2 shows the calculated deposition velocity as a function of 

particle size for the ribbed AGR fuel rod and for the hydraulically 

smooth rod used in the experiments. The calculation for the ribbed 

rod includes the roughness scaling factor, a, whilst the calculation 

for the smooth rod includes the measured roughness of 1.5 \.lm. 
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Fig. 6.3 shows the effect of thermophore sis for 0.25 llm particles, 

a flow Reynolds number of 3 x 10
5 

and with surface to air temperature 

differences of + / - 300 0 C. 

§6.3 Deposition Calculations for Typical AGR Operating Conditions 

Comparison of the theoretical predictions with the experimentally 

measured deposition indicated that the equivalent ribs height (e2/p) 

had to be scaled by a factor of 0.1. Furthermore, the surface tem-

perature gradient had to be scaled by a factor of 0.2 to match the 

thermophore tic data. To achieve the required similarity between the 

experimental laboratory conditions and the reactor operating condi-

tions, it was suggested that since the deposition is controlled by the 

surface condition rather than the bulk flow conditions, the scaling 

should be made on the equivalence of the rib -based Reynolds number. 

U sing this criterion the equivalent roughness used in the deposition 

calculation becomes 

equivalent random 2 v
COl 

u,:. 
e air 

roughness in the = 0.1 (-) -- ] p va1r u" .. 
reactor case CO 2 

(6.1) 

Since the terms in the large brackets are of order 0.1, then the 

height of the random roughness substituted into the theoretical model 

was taken as 0.01 times e
2
/p for the reactor case. The scaling factor 

needed for the temperat'lre gradient to be used in the expression of 

Talbot et aI., [64], for the thermophore sis velocity was 0.2, as used 

for the laboratory conditions. Based on the previous considerations 

the deposition velocity was calculated for the typical operating condl-

tions of the AGR obtained by Johnson, [2]. 
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A distinctive feature of all channel flows is the entry length effect. 

Deissler, [105], showed that the friction factor takes a finite length 

to reach its fully developed value and this variation with the distance, 

x, along a channel with a hydraulic equivalent diameter, d , is fitted 
e 

by the following equation: 

f e 
d e 

1.09 + 0.502 (--) 
x (6.2) 

where fe is the friction factor through the entry and fd is the fully 

developed value of the friction factor through the channel. 

The fully developed value of the friction factor of the reactor 

channel used in the theoretical calculation is given by the formula of 

Rapier, [105], and takes the form 

e e 
fd = 0.0115 + 1.325 (~) + 0.265 (~) (6.3) 

e 

The temperature gradient, VT needed to calculate the velocity of 

thermophore sis was considered as 

VT = Nu 

d e 
(T - T ) 

s g 

and the Nusselt number obtained by 

Nu = St . Re . Pr 

(6.4) 

(6.5) 

According to Rapier, [105], the Stanton number for the fuel pin 

surface was found experimentally to be 

St e e 
= 2.4 + 20 (-) + 8 (~) St d 

s e 

where the smooth Stanton number, St 
s' 

is given 

St = 8.26 x 10-4 
s 

+ 7.6125 x 10- 2 Re- 0 . 32 

(6.6) 

by: 

(6.7) 
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The main condition for the correlation of Rapier is that 

( e --
\) 

) > 40. 

Fig. 6.4 shows the calculated deposition velocity of 0.2 llm particles 

along the axial distance of the fuel rod. Due to the higher friction 

velocity and the lower temperature difference between the fuel pin 

surface and the coolant at the inlet of the channel, (see Fig .1.2), the 

deposition velocity curve starts with its maximum value. The effect 

of the thermophore sis is clearly seen. As the surface temperature in-

creases the temperature gradient increases so the deposition velocity 

consequently decreases. At the end of the channel the surface tem-

perature of the fuel rod gradually decreases whereas the gas tem-

perature continues to increase, the deposition velocity therefore 

increases as a reflection of the decreasing temperature gradient in this 

region. 

For sixty days operating cycle and with the assumption of a free 

stream concentration of 10 llg/m3 , the thickness of the deposition layer 

was estimated by calculation and is shown in Fig. 6.5. This thickness 

of the deposition layer is obviously dependent on the operating time, 

the unknown free stream concentration as well as the possibility of 

the re-entrainment of the deposited particles. Due to the thickness 

of the deposition layer, there is a possibility of aerodynamic particle 

removal from the surface. This removal will mainly depend on the 

surface shear stress. 

Fig. 6.6 shows the distribution of the removal wall shear stress 

along the axial distance of the channel according to equations (6.2) 

and (6.3) for the friction factor for the en trance and for the fully 
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developed regions. The surface shear stress starts with a high value 

at the beginning of the entrance length, decreasing rapidly to a 

minimum value and then increases gradually along the length of the 

channel. 

Cleaver, [119], represented data from wide range of experimental 

and theoretical studies relating to the removal of the particles as 

shown in Fig. 6.7, which indicates the critical wall shear stress at 

which particles of a given diameter are expected to be removed. 

U sing the wall shear stress distribution of Fig. 6.6 with the data 

presented by Cleaver, the deposition layer may take the final form 

as shown in Fig. 6.8. The high shear stress in the en try length is 

high enough to remove the deposited layer in this region, also the 

high value of the shear stress may also contribute to the removal of 

the deposited layer at the end of the channel. In the middle of the 

channel the deposition layer is thinner, as a reflection of 

thermophoretic effect, and the wall shear stress is insufficiently high 

to cause removal. 

The final predicted shape of the deposition layer, in general terms, 

agrees with the observed trends of the reactor operating conditions 

as indicated, for example, by Skyrme and Reeks, [120]. The pred

ictions can only be qualitative since the free stream concentration is 

unknown. 
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CHAPTER 7 

CONCLUSION AND FUTURE WORK 

§7.1. General Summary 

A study of the deposition of sub-micron particles has been carried 

out in an attempt to investigate the possible mechanisms of particle 

deposition on the fuel elements of advanced Gas-cooled Reactors. 

The main results of the deposition of such particles are that the de

posited material acts as an insulating layer and in time the benefits 

of roughening the surface, to increase the heat transfer to the 

coolant, are lost. The output of the power station can be significantly 

reduced. 

Modelling of the deposition was achieved by using sub-micron 

uranin particles in a full scale laboratory flow rig using air instead 

of carbon dioxide. The particles were produced by a well established 

a tomiser - impactor method. 

Electron microscope analysis was used to determine the diameter 

of the particles produced by the atomizer-impactor generator. The 

particles produced were moderately monodispersed, statistical methods 

were undertaken to determine the mass-median diameter and the ge

ometric standard deviation. Particles having 0.25 llm and 0.05 llm 

mass-median diameters with 1.64 and 1.47 geometric standard deviation 

respectively, could be produced from two different solution of uranine 

of 5 0/0 and 0.2 0/0 respectively. 
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A general survey of the available particle deposition models and 

of the formulae of thermophoretic velocity, was carried out. A depo

sition model introduced by Browne, [42], was chosen for application 

to the present study because it considered the effect of the surface 

roughness; it is an extension of the theory of Davies. [27], which 

appears to be logical and has achieved good agreement for sub-micron 

particles, [22]. The fitting formula obtained by Talbot et aI., [64], 

for the velocity of thermophore sis was adopted for considering the 

effect of themophoretic forces on the deposition process of particles 

in the case of heated rods. 

Some aspects of particle behaviour were studied and the theoretical 

model assumed the following : 

a - Any particle that collides with the surface must be captured. 

b- After the deposition process has taken place, no re-entrainment 

of particles will occur. 

c - The mechanism which is mainly responsible for the deposition 

process is eddy-diffusion, resisted by the thermophore tic force 

in the case of heated surfaces. 

The thermal conductivity of the particle material was taken as the 

value measured by Al-Azzawi and Owen, [84], about 0.43 W/mK, while 

the density of the particle material was taken as 1700 kg/m3 as given 

by Parker and Ryley, [9]. 

A pipe flow rig was designed and constructed to carry out the 

required experimental part of this study. The working section was 

located at a position where the flow becomes fully developed turbulent 

flow where the ratio of the entry length to the equivalent hydraulic 
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diameter was greater than 30. The flow was characterised for six 

different Reynolds number; the deposition tests were carried out for 

three of them, viz. 3 x 105 , 6 x 104 and 5 x 103 

The skin friction factor for the smooth rod was measured using the 

technique of Clauser, [4], and by using a Preston tube. The single 

equation of Lewkowicz et al., [88], was used for the Preston tube 

calculations. The resulting values of the corresponding friction ve

locity were compared with the equation of Reichardt, [101], and that 

of Deissler, [102]. 

The friction factor for the ribbed surface was determined using the 

graphical method of Perry and Joubert, [6]. The calculated values of 

the friction factor were compared with the equation introduced by 

Winkel, [103], and the measured values of Wilkie, [1] J for a similar 

surface. 

To assess the effect of thermophore sis on the deposition of particles 

an electrical resistance heating technique was used for heating the test 

surface. The tie-rod was used as a resistance heating element which 

was already electrically insulated from the test rod and the supporting 

flanges using an insulating material of monolux 500. It was possible 

to obtain approximately the same three surface temperature distrib

utions for both the smooth rod and the ribbed rod at flow Reynolds 

number of 3 x 105 . The higher surface temperature distribution could 

be obtained for the flow Reynolds number of 6 x 104 and 5 x 103 for 

both surfaces. 
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The heat transfer coefficient relevant to each case was calculated. 

McAdams formula was used for comparison with the results for the 

smooth rod. Also the corresponding Stanton numbers for smooth and 

ribbed rods were compared with the formulae introduced by Burgoyne 

et a1., [104], and Rapier, [105], and the values obtained exper

imentally by Wilkie, [1]. 

A fluorimetric analysis technique was used to measure the deposi

tion rate of particles and the free stream particle concentration. The 

basic idea of this technique is that after dissolving the particles de

posited onto the test surface into a known amount of de-ionized water, 

the concentration of the resulting solution is measured and compared 

with a standard (known) solution of the particle material. The same 

method was applied for the free stream concentration where samples 

were extracted using a vacuum pump. A millipore filter paper was used 

to capture the particles from the sample; knowing the total volume of 

the extracted air the concentration of the particles in the free stream 

can then be calculated. The deposition velocity of the particles was 

calculated as a ratio of the deposition rate of particles to the free 

stream concentration, whilst the nondirnensional value of the deposition 

velocity could be obtained by referring it to the value of the friction 

velocity. 

Due to the variation of the deposition velocity measured along the 

surfaces in the initial tests, the deposition tests were repeated three 

~ times under the same conc...~tions; statistical methods were then 

used to obtain the value along the test rod and the corresponding 

95 0/0 confidence limits. 
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Time variation effects were studied experimentally for particles of 

0.25 1Jm diameter at a flow Reynolds number of 3 x 105 for both the 

smooth rod and the ribbed one. Also the blow-off tests were carried 

out for the smooth rod under the same conditions. 

The deposition tests were carried out for isothermal smooth and 

ribbed rods at flow Reynolds numbers of 3 x 105 , 6 x 104 and 5 x 

103 for a particle size of 0.25 ].lm mass-median diameter. Also the de

position tests were repeated for a particle size of 0.05 1Jm at 3 x 105 

3 and 5 x 10 flow Reynolds number. 

To investigate the effect of surface temperature , the deposition 

tests were carried out for both the surfaces at the same flow Reynolds 

number (3 x 105) and different surface temperature distributions. The 

effect of flow Reynolds number was investigated by carrying out the 

tests for both surfaces at the same surface temperature distribution 

for different flow Reynolds number, which was 5 x 103 . 

To study the effect of particle diameter on the thermophoretic de-

position results, the deposition tests were also carried out using 

particles having 0.05 1Jm mass-median diameter at the higher surface 

5 3 temperature for the flow Reynolds numbers 3 x 10 and 5 x 10 

Considering the possible contamination of the ambient air, a back-

ground test was carried out for each case of the deposition tests. 

The experimentally measured results have been discussed and the 

compared with those of other investigators, such as Montgomery and 

Corn, [111], Wells and Chamberlain, [22], Sehmel, [112], Friedlander 

and Johnstone, [23], Chamberlain, [113], Sehmel and Sutler, [114], 
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Hahn et a1., [53], EI-Shobokshy, [11], Davies, [12], and O'Brien et 

a1. , [115] . Also, comparisons between the proposed theoretical model 

and the experimentally measured results have been made. Finally the 

theoretical model was applied to typical AGR data obtained by 

Johnson, [1] . 

§7. 2. Conclusions 

The main conclusions from the investigations may be summarised 

as follows : 

1) The atomizer-impactor technique can be used successfully for 

generating moderately monodispersed sub-micron particles. The 

compressed air needed for the atomisation process was maintained 

at 40 psi (about 2.8 bar) while the gap of the impactor plate was 

adjusted to be 1.8 nun. The particles produced from the uranin 

solution of 5 0/0 and 0.2 0/ 0 had mass-median diameters of 0 .25 }.1m 

and 0.05 }.1m with geometric standard deviation of 1.64 and 1.47. 

respectively. 

2) The fully developed turbulent friction factor was established 

through the working section of the pipe flow rig, which was located 

at a position where L :: 32 d . This agrees with the equation of e e 

Latzko, [98], and the theoretical results of Deissler, [99], for the 

entry length needed for the friction factor to be fully developed. 
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Also the velocity profiles indicated that fully developed turbulent flow 

,.,.as established through the working section. This agrees with the 

formula of Kelly, [77], rather than the calculations of Walklate, [96]. 

3) The skin friction factor for a smooth surface can be measured 

using the technique of Clauser, [4] , and the equation of 

Lewkowicz, [88], with a Preston tube. The typical values of the 

skin friction factor were in the range of 4.5 x 10- 3 to 0.011. The 

relevant friction velocity agrees with the equation of Reichardt, 

[101], and that of Deissler, [102]. The transformation method 

introduced by Hall, [89], could not be used to determine the 

friction factor for the ribbed surface because the fuel element rod 

size is so small with respect to the size of the channel while the 

graphical method of Perry and Joubert, [6], could be applied. 

The calculated values of the friction factor were found to be the 

same range as the correlation of Winkel, [ 103], and the exper-

imental data shown by Wilkie, [1], and were typically in the range 

of 0.012 to 0.018. 

4) The heat transfer equation of the test surface could be solved 

by a finite difference method. The calculated heat transfer coeffi-

cient for the smooth rod agrees with the formula of McAdams, 

[120]. Also the corresponding Stanton number agrees with the 

correlation of Burgoyne et al., [104], and that of Rapier, [105]. 

The Stanton number for the ribbed surface agrees with the data 

of Wilkie, [1]. The typical values of Stanton number for the smooth 

rod was about 2.9 x 10-
3 

whilst for the ribbed rod was about 4.6 

x 10-3 at flow Reynolds number of 3 x 105, 
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5) The theoretical considerations and the experimentally measured 

results confirm that there is no evidence for particle re-entrainment 

during the deposition tests for sub-micron particles for the condi

tion of this study. Also the experimental deposition tests show that 

the total mass deposited during the test period increases linearly. 

6) The good agreement between the theoretical calculations and the 

experimentally measured results of the deposition velocity for the 

"real" smooth surface verifies the following : 

a- The roughness of the surface, whatever it is, must be con

sidered for the deposition of the sub -micron particles. 

b- The deposition model introduced by Browne, [42], when 

supplied with the true surface roughness, adequately predicts 

the rate of the deposition. 

c- The eddy-diffusion mechanism controls the deposition process 

for particles such as those used in this study, the effect of in

ertia and sedimentation can be neglected. 

d - For the deposition process of sub -micron particles, the eddy 

diffusivity of the particle can be taken as that of the fluid eddy 

diffusivity. This agrees with the analysis of Rouhianen and 

Stachiewicz, [36]. 

e- Particles can be accurately defined by their mass-median di

ameter if they are moderately monodispersed. 

f- Ion generator technique and earthing of the test surface can 

overcome problems of electrostatic charge in the deposition tests. 
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7) The theoretical calculations and the experimentally measured re

sults show that : 

i- As the flow Reynolds number is increased the deposition ve

locity increases. This a reflection of increasing the friction ve

locity which promotes the turbulent diffusivity. 

ii - The deposition velocity for smaller particles (0.05 '11m) is higher 

than that for larger ones (0.25 '11m). This is because increasing 

the particle size decreases the Brownian diffusion coefficient 

without a sensible increase in the inertial effect, this leads to 

decrease the final deposition velocity. 

8) For the ribbed surface, the equivalent roughness obtained by 

assuming that additional area of the cross-section produced by the 

rib was spread along the distance between the ribs proved to be 

inadequate. The theoretical calculation based on this definition 

failed to achieve a good agreement with the experimentally measured 

results. It proved necessary use a factor of 0.1 on the equivalent 

rib height to align the theoretical calculations with the experimental 

results for isothermal ribbed rod. The faith in the experimental 

data was based on the good agreement of the experimental results 

with those of other investigators. 

The deposition velocity for the ribbed rod is much higher than 

for the smooth rod, especially at higher flow Reynolds numbers, 

this can be up to twenty fold at flow Reynolds number of 3 x 

105 . Using the scaling factor, the theoretical calculations agree 

with the experimentally measured results that as the flow Reynolds 
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number is increased the deposition velocity increases (as for the 

smooth rod). In the sub-micron range the effect of particle diameter 

on the deposition rate is only seen at low flow Reynolds numbers; 

at higher flow Reynolds numbers the deposition velocity is inde

pendent of the particle diameter. 

9) For hot surfaces, thermophoretic effects must be taken into acc

ount in the deposition of sub-micron particles. The deposition ve

locity is less than that for an isothermal surfaces as a reflection 

of the temperature gradient developed at the surface which forms 

a thermophoretic force to drive the particles away. It has been 

necessary to use another scaling factor to align the theoretical 

calculations of the deposition velocity with thermophore sis , with the 

experimentally measured results. This factor was found to be 0.2 

which gives good agreement particularly at the higher surface 

temperature and higher flow Reynolds number. For both the 

smooth rod and the ribbed rod as the surface temperature is in

creased the deposition velocity consequently decreases. This is due 

to the increasing thermophoretic forces which drive the particles 

away from the surface. Also, as the flow Reynolds number is in

creased the effect of thermophore sis reduces for the same surface 

temperature. This is a reflection of the higher friction velocity and 

greater turbulent energy which promotes the deposition of particles 

by overcoming the effect of thermophore sis . The effect of 

thermophore sis on the smaller particles (0.05 ').lm) is less than that 

on the larger ones (0. 25 ~m). This is due to the fact that the 

smaller particles have a smaller temperature difference across them, 

which in turn leads to a lower molecular imbalance. Also the effect 
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of thermophoresis over the rib ribbed surface is less than over the 

smooth surface, this is due to the enhanced turbulence ne~r to the 

ribbed surface which increases the deposition of partkles. 

§7. 3. Future Work 

The deposition tests in the present study were carried out for 

single smooth and ribbed rods mounted axially in the working section 

of the pipe flow flow rig, which is not the real shape of the reactor 

channel. So, it is suggested that the deposition test be repeated for 

more a realistic configuration where a number of fuel elements are 

mounted in the working section. Also the heating of the elements 

around the test rod must be applied. 

The experimental work must be extended to obtain a compete pic

ture of the deposition velocity under the influence of the following 

parameters : 

a- the particle diameter in the sub-micron range. 

b- the flow Reynolds number. 

c- the temperature of the test surface. 

New models need to be developed which take account of the effect 

of turbulence on the temperature field around the particles. 

Although sub-micron particles cannot be removed by fluid dynamic 

forces it is likely that after substantial agglomeration on the surface, 

where each particle loses its own identity, that removal will occur. 

In many industrial situations the surface is colder than the gas 

stream e. g., internally cooled gas turbine blades and boiler tubes. 
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Under these circumstances the thermophore tic forces will be assisting 

the deposition process. Given the inadequacy of the models used to 

predict thermophoretically reduced deposition, it is reconunended that 

the inverse situation, with a cooled surface, be studied. 
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I-' 
CJ1 
to 

range of 

size (lAm) 

0.005-0.055 

0.055-0.105 

0.105-0.155 

0.155-0.205 

0.205-0.255 

0.255-0.305 

0.305-0.355 

0.355-0.405 

0.405-0.455 

0.455-0.505 

0.505-0.555 

0.555-0.605 

d 

0.030 

0.080 

0.130 

0.180 

0.230 

0.280 

0.330 

0.380 

0.430 

0.480 

0.530 

0.580 

TABLE 1.1 Determination of median diameters for 5 % uranin solution. 

n· 1 ni log d 0/0 in 0/ 0 cum- log d - log dg ni (log d - log dg)2 

range ulative 

23.0 -35.026 5.056 5.06 -0.7445 12.74990 

74.0 -81. 171 11.718 16.77 -0.3186 7.51021 

289.0 -256.070 36.966 53.74 -0.1077 3.35347 

202.0 -150.435 21.717 75.46 0.0336 0.22817 

163.0 -104.038 15.019 90.48 0.1401 3.19772 

55.0 -30.406 4.389 94.86 0.2255 2.79662 

39.0 -18.778 2.711 97.58 0.2969 3.43668 

21.0 -8.825 1. 274 98.85 0.3581 2.69325 

12.0 -4.398 0.635 99.48 0.4118 2.03500 

7.0 -2.231 0.322 99.81 0.4596 1.47848 

4.0 -1. 103 0.159 99.97 0.5026 1.01048 

1.0 -0.237 0.034 100.00 0.5418 0.29351 

890.0 -692.719 40.7835 
---- -

njd 
3 

010 in 010 cum-

range ulative 

0.001 0.006 0.006 

0.038 0.375 0.381 

0.635 6.277 6.658 

1.178 11.647 18.305 

1.983 19.607 37.912 

1.207 11. 937 49.849 

1.402 13.856 63.705 

1.152 11. 392 75.097 

0.954 9.433 84.530 

0.774 7.654 92.184 

0.596 5.887 98.071 

0.195 1.929 100.000 

10.115 



TABLE 1.2 Frequency distribution for 5 0/ 0 uranin solution. 

d f( d) f(d) x 0/ 0 
% 

(~m) In d 2/d
1 

in range cumulative 

0.0550 57.5190 56.4163 6.2786 6.2786 

0.1050 464.6098 225.5717 25.1040 31.3826 

0.1550 712.6647 231. 9171 25.8102 57.1928 

0.2050 659.2906 161. 6069 17.9853 75.1782 

0.2550 496.1027 97.5885 10.8607 86.0389 

0.3050 339.3689 55.7593 6.2055 92.2444 

0.3550 221. 8051 31. 2920 3.4825 95.7269 

0.4050 141. 9882 17.5517 1.9533 97.6802 

0.4550 90.2175 9.9240 1.1044 98.7847 

0.5050 57.3221 5.6801 0.6321 99.4168 

0.5550 36.5763 3.2974 0.3670 99.7838 

0.6050 23.4959 1.9429 0.2162 100.0000 

898.5480 
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.... 
Q') .... 

range of 

size (llm) 

0.005-0.015 

0.015-0.015 

0.025-0.035 

0.035-0.045 

0.045-0.055 

0.055-0.065 

0.065-0.075 

0.075-0.085 

0.085-0.095 

d 

0.010 

0.020 

0.030 

0.040 

0.050 

0.060 

0.070 

0.080 

0.090 

TABLE 1.3 Determination of median diameters for 0.2 % uranin solution. 

n· , nj log d 0/0 in 0/0 cum- log d - log dg n; (log d - log dg)2 njd 
3 

range ulative 

2.0 -4.000 2.583 2.58 -0.5660 0.64061 0.000002 

13.0 -22.087 14.261 16.84 -0.2649 0.91241 0.000104 

26.0 -39.595 25.565 42.41 -0.0888 0.20518 0.000702 

38.0 -53.122 34.299 76.71 0.0361 0.04954 0.002432 

16.0 -20.816 13.441 90.15 0.1330 0.28309 0.002000 

7.0 -8.553 5.522 95.67 0.2122 0.31519 0.001512 

3.0 -3.465 2.237 97.91 0.2791 0.23376 0.001029 

2.0 -2.194 1.416 99.32 0.3371 0.22732 0.001024 

1.0 -1.046 0.675 100.00 0.3883 0.15077 0.000729 

108.0 -154.877 3.01786 0.009534 

-

0/0 in 0/ 0 cum-

range ulative 

0.021 0.021 

1.091 1.112 

7.363 8.475 

25.509 33.984 

20.978 54.961 
I 

15.859 70.820 

10.793 81. 613 

10.741 92.354 

7.646 100.000 



TABLE 1.4 Frequency distribution for 0.2 % uranin solution. 

d fCd) fCd) x 0/0 0/0 

(llm) In d 2/d1 in range cumulative 

0.0150 7.3762 5.1128 4.7425 4.7425 

0.0250 67.5479 27.3883 25.4050 30.1475 

0.0350 110.9834 31. 9279 29.6158 59.7634 

0.0450 97.6815 21. 7970 20.2186 79.9819 

0.0550 64.9531 11.8424 10.9848 90.9667 

0.0650 37.5869 5.7940 5.3745 96.3412 

0.0750 20.2527 2.7044 2.5085 98.8497 

0.0850 10.5288 1. 2401 1.1503 100.0000 

107.8069 
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TABLE 4. 1 Flow parameters for the smooth rod. 

friction velocity 

valve friction Clauser Preston mean Reynolds 

position factor tecnique tube velocity number 

mls mls 

1 0.0110 0.032 - - --- 0.429 5.0 x 103 

2 0.0085 0.336 0.13 5.150 6.0 x 104 

3 0.0070 0.703 0.726 11.883 1.6 x 105 

4 0.0055 1.014 1.014 19.350 2.4 x 105 

5 0.0045 1.202 1.195 25.512 3.0 x 105 

6 0.0045 1.260 1.224 26.574 3.2 x 105 

TABLE 4.2 Flow parameters for the ribbed rod. 

valve friction friction mean Reynolds 

position factor velocity velocity number 

mls mls 

1 0.018 0.041 0.429 5.0 x 103 

2 0.012 0.399 5.150 6.0 x 10
4 

3 0.012 0.921 11.883 1. 6 x 105 

4 0.012 1.499 19.350 2.4 x 105 

5 0.012 1.964 25.512 3.0 x 105 

6 0.012 2.058 26.574 3.2 x 105 
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Plate 1 Electron microscope photograph of 

particles produced from 5 010 uranin 

solution (magnltlcation = x 6(00). 

Plate 2 Electron microscope photograph of 

particles produced from O. 2 010 uranin 

solution (magnlticatlon = x 46000). 
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Plate 1 Electron microscope photograph of 

particles produced from 5 0/0 uranin 

solution (magnification = x 6000) . 

Plate 2 Electron microscope photograph of 

particles produced from O. 2 0/0 uranin 

solution (magnification = x 46000). 
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APPENDIX A 

CALCULATION OF PARTICLE CHARACTERISTICS 

A. 1 5 0/0 uranin solution 

According to the statistical analysis described in section 1.5 and 

using the data of table 1.1, then 

r n log d 
log d = 

g r n 

= 
- 692.719 

890 
= - 0.778 

(A.1) 

d = 0.167 pm 
g 

geometric mean diameter 

r n (log d - log dg)2 
log ° = .; --.-:...-.-:...-------

g r n 

= 
40.784 

890 
= 0.214 

(A.2) 

o = 1.637 g 
geometric standard deviation 

The arithmetic mean diameter and the mass median diameter can 

be calculated from the Hatch-Choate equation as : 

2 
log d

m 
= log d g + 1.51 log 0g 

2 = -0.778 + 1.51 (0.214) = -0.709 

log 

d = 0.195 pm 
m 

3 3 
d = log d g + 

nun 

= -2.335 + 

d 
3 = 0.014 

nun 

2 
10.362 log ° g 

10.362 (0.214)2 = -1.860 



d = 0.24 J,.lm 
rum 

Fig. 1. 3 shows that the mas s -median diameter is 0.25 llm. 

A.2 0.2 0/0 uranin solution 

The geometric mean diameter and the geometric standard deviation 

calculated from data of table 1. 3 as follows : 

and 

log d = g 
- 154.877 

108 

d = 0.037 llm g 

log a = g 

3.018 

108 

" = 1. 469 g 

= - 1. 434 

= 0.167 

The arithmetic mean diameter and the mass median diameter can 

be calculated from the Hatch-Choate equation as : 

log d = -1.434 + 1.51 (0.167)2 = -1.392 
m 

log 

d = 0.041 llm 
m 

d 
3 -4.302 = 

nun 

d 
3 9.707 x = 

nun 

d = 0.046 llm 
nun 

+ 10.362 (0.167)2 -
10-5 

-4.013 

Fig. 1.4 shows that the mass-median diameter is 0.05 llm. 



APPENDIX B 

APPROXIMATE DRAG FORCE ON A DEPOSITED PARTICLE 

The largest particles used in the deposition tests of the present 

study have a mass median diameter of 0.25 pm produced from 5 0/0 

uranin solution. 

As mentioned earler, the particles produced were quite 

monodispersed where the largest particle diameter observed was 0.6 

l.Im. The calculation of drag force is based on 1 pm for particles which 

may possibly be produced. The velocity of the air flow is 25.5 mls 

and the corresponding friction velocity is 1.2 m/s. 

(a) Thickness of laminar sub-layer, 62, 

This is given by the expression 

= 6 t = 5 

= 
-5 5 )( 1.56 )( 10 -5 = 6.5 )( 10 m 

1.2 

= 65 pm 

(B .1) 

Therefore the particle is submerged with the laminar sub-layer and 

will subject to the flow conditions inside it. 

(b) The velocity at the edge of the laminar sub-layer 

The air velocity at the edge of the laminar sub-layer is described 

by 

>,'< * 
U = Y = 5 



Then the velocity at the edge of the laminar sub-layer 

u 2. = 1. 2 x 5 = 6 m/ s 

It is assumed that the velocity in the laminar sublayer is varying 

linearly with the distance normal to the surface, therefore the velocity 

at the centre of the particle will be 

= 

uR. 

0.5 x 6 

65 
= 0.046 m/s 

This value is taken as the average velocity over the particle. 

(c) The drag force on the particle 

With the air flow parallel to the surface, the drag force on the 

deposited particle will be given concervatively by: 

where 

p 

A 
P 

Drag coefficient, f(Re ), 
p 

air density = 1.2 kg/m
3

, and 

cross-sectional area of the particle 

(B .2) 

In the Stokes' regime the drag coefficient is given by 

24 

Re 
p 

for Re < 1 
P 



Re = 2.95 x 10- 3 
p 

CD = 8139 

A = ~ d 2 = 7.854 x 10- 13 m2 
P 4 P 

FD = 8.116 x 10- 12 N 
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A NOTE COMPARING THE RATES OF DEPOSITION OF SUB
MICRON PARTICLES WITH THE RATES OF HEAT TRANSFER 

FOR RIBBED SURFACES EXPOSED TO TURBULENT GAS 
STREAMS 

I. OWEN. A. A. EL-K<\D) and J. W. CU'A\FR 

Hedt and \-fa" Tran,kr Laboratl)r). Dt:partmt:nt l,f Mc-cha!lIral En!!1I1~~flllg. 
Tht: Umverstty of LI\'t:rpOl)1. PO Box 147. LI\~rrool L69,\S\. l',K 

(R~"'II .. J 16 Juir 19H5. ,mJ III fll1<Ji/orm Itl S"plt'mn," 19X~1 

Ab!.tract·· Tht: dc:posltlon ratt:, of sub-mlcrlm p.utld.:, l'n fibbed ,urfdc~, .I, m.:.bur.:d b) H.lhn. 
Stukel. Leong and Hopke are compared wlth.ln empmcal formulatIOn for the comeCtl\'.: heat tr.tnsfer 
l)\er similar surfaces at comparable Reynold, numbers. The cl'mpafl"," " mad.: on the basIs of the 
accepted stmllanty between the mechamsms of particulate rna,s tran,fer .lnd th.1t "f L:,'meC\i\e h.:at 
tr.lmler. Although the correlations are shown to bt: fdH)ur.lble. C.lutll)n " Il~\~rthde" ad"i,ed when 
USll1g thi, techmque, 

I NTRODL'CTION 

A useful technique which is commonly used to calculate mass transfer rates between a solid 
boundary and a fluid is to draw an analogy with the rates of convective heat transfer under 
similar conditions. This technique is often known as the Chilton~Colburn analogy or. more 
simply. the Heat and Mass Transfer Analogy. The method is an extension of the Reynolds 
Analogy between momentum and heat transfer and depends on the similarity between 
transport mechanisms for momentum. heat and matter. The underlying principles of the 
technique can be found in any standard text on chemical engineering or similar fields of 
technology. In brief. if the heat transfer process is described in terms of the usual non

dimensional parameters 
Nu =fIPr.Re). (1) 

then a similar function can be assumed for the mass transfer such that 

Sh = fISc. ReI. (2) 

For complete similarity between the two transport processes the dilTusivities of each 
should be of comparable magnitude. In the case of difTusing gases and vapours this is usually 
achieved. In the case of particles in gas streams. however. the ratio of the Schmidt number to 
the Prandtl number can be of the order of 105

. Under circumstances such as these the analogy 
has to be applied with caution. Care has to be taken. for example, to ensure that the particles 
are sufficiently small that they carry insignificant inertia and that their deposition will not 
therefore be enhanced by eddy impaction. Also. because the particle dilTusivity will usually be 
substantially smaller than the thermal dilTusivity (Sc};> Prj, where low levels of eddy 
dilTusivity occur they will have a significantly greater effect on the particle transfer than on the 
heat transfer. This is particularl) true for particle dilTusion through turbulent boundary 
layers where the eddies in the viscous sub-layer are damped. If the analogy is applied in this 
case then predictions for the particle deposition on the basis of the corresponding heat 
transfer substantially underestimate the mca~ured deposition rates. To re-align the model a 
particle dilTusivity has to be assigned to the sub-layer (Lin t'l Ill .. 19531. Similarly, laminar 
boundary layers in turbulent streams can be IIlvaded by mainstream eddies, thereby 
enhancing the deposition. It is evident. therefore. that this technique cannot be applied 
universally. For this reason it is useful to be able to olTer confirmation that it can be used 
under specific circumstances. This is particularly so in view of the general lack of reliable 
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experimental data for the deposition of particles in the sub-micron range on surfaces other 
than smooth walls in fully developed turbulent pipe flow. 

Despite the differences between particle and thermal ditTusivities, provided the particles are 
sufficiently small to follow faithfully the turbulent eddies then their physical transport 
through the fluid will be the same as that of the thermal transport. On this basis, the case of a 
gas stream flowing over a ribbed surface is one where the analogy should hold. In a recent 
paper. Hahn el al. (1985) published experimental data and a formulation for the deposition of 
sub-micron particles (0.04-0.2 11m) on a surface having regular roughness elements mounted 
transverse to the flow. The purpose of the present paper is to compare this data with an 
empirical formula for the heat transfer between a ribbed surface and a turbulent stream under 
conditions of comparable roughness geometry and Reynolds number. 

PARTICLE DEPOSITION AND CONVECTIVE HEAT TRANSFER 
ON RIBBED SURFACES 

An empirical formula for the convective heat transfer over ribbed surfaces has been 
deduced from published correlations concerning the friction factor and Stanton number 
change for flow over ribbed fuel elements in an Advaliced Gas Cooled Reactor (Rapier, 1977). 
The geometric configuration upon which this work is based is shown in Fig. I. The friction 
factor is given by: 

f = 0.115 + 1.325 K,d + 0.265 K 2r. 

whilst the Stanton is given by: 

(3) 

St=(8.26x 1O- 4 +7.6125x 1O- 2 Re- 032 )(2.4+20K;d+8K/2r), (4) 

where d is the equivalent hydraulic diameter of the fuel element. 
These correlations. together with experimental data describing the gas flow conditions 

(carbon dioxide) through the fuel element (Johnson. 1985). can be combined to show the 
following relationship: 

Nu = 0.021 Re" 8. (5) 

Nu and Re are based on the local heat transfer coefficient and the local mean flow velocity 
respectively; both are calculated using d as the characteristic length. 

To provide experimental data describing significant changes in the Prandtl number it is 
necessary to use a number of ditTerent gases; these data are not available. It has been 
necessary, therefore. to make an assumption regarding the Prandtl number and in this work 
the usual one that convective heat transfer is a function of Pr l J has been made. This 
assumption will be discussed later. Therefore. equation (5) becomes: 

Nu = 0.023 Pr l 3 Re' 8. (6) 

and it follows that the convective mass transfer should be described by: 

Sh = 0.023 Sci J Re; ~. (7) 

The particle deposition results of Hahn el al. were obtained using the experimental surface 
configuration shown in Fig. 2. Three roughness parameters P / K of 2. 13 and 25 were tested. A 
solution of Uranin was atomised to produce monodisperse particles, the presence of which 
was detected using fluorimetric techniques. Particles with diameters of 0.041,0.059,0.087, 
0.13 and 0.20 Ilm were used. The results of these experiments were compared with an analysis 
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FIg. I. AGR fuel element. 
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developed by Kader and Yaglom (19771. Hahn t't al. went on to suggest that the equation 
developed by Kader and Yaglom can be further reduced such that the deposition velocity. Vd • 

is given by: 
(8) 

where K +. the non·dimensional roughness parameter. is given by (Ku. , \'1. 
Equation (8). using the shear velocity. u •• given by equation (3). is shown graphically in 

Fig. 3 together with the experimental data of Hahn t't al. Also shown in Fig. 3 are the data 
obtained by Chamberlain (1968) for the deposition of water vapour and thorium B vapour 
over rough surfaces. Hahn t't al. used these data to demonstrate the range over which 
equation (8) is applicable. From Fig. 3 it can be seen that the deposition predicted by equation 
(7) agrees well with the results presented by Hahn 1'1 al. and that the correlatIOn between the 
heat and mass transfer over a ribbed surface is a valid one. 

DISCUSSION AND CONCLUSIONS 

There is a lack of reliable data concerning the deposition of sub-micron particles on 
irregular surfaces and on bodies having two or three dimensional geometries. On the other 
hand. there is a relative wealth of data for the corresponding processes of heat transfer. By 
taking advantage of the similarity between the transport mechanisms of the two processes it 
is sometimes possible to make calculations for the mass transfer based on the formulation for 
the corresponding heat transfer. Comparing equations (6) and (7) at the same Reynolds 
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number produces a relationship between the Sherwood and Nusselt numbers, 

Sh/Nu = (Sc/Pr)1 J. (9) 

For diffusing gases and vapours Sc/Pr - I and the conditions of similarity between the 
two are satisfied. For sub-micron particles, however, Sc/Pr - 105 and the relationship 
between Sh and Nu becomes very sensitive to the power by which SciPr is raised. In the 
present work the power of 1/3 has been assumed and, as shown in Fig. 3, the resulting 
correlation is a good one. However, in convective heat trllnsfer formulations it is not unusual 
to see functions containing PrO. 25 or even PrO.7 

5, since Pr usually has a value of about 0.7; the 
heat transfer rates are not particularly sensitive to these differences. When ScIPr is of the 
order of 105 , however, such differences will result in the heat and mass and transfer 
correlations changing by a factor of about 300. 

In the majority of cases the Pr I J relationship is a sound one and the analogy can be used 
with some confidence. This paper has presented a favourable correlation between the 
convective heat transfer and the deposition of sub-micron particles over ribbed surfaces in 
order to lend support to the technique whilst at the same time drawing attention to its 
inherent weaknesses. 
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FINE PARTICLE FOULING OF ROUGiENEO HEAT TRANSFER SURFACES 
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ABSTRACT 

Roughened heat transfer surfaces are occasionally 
used to enhance the rate of forced convection heat 
transfer by causing an increase in the turbulence of the 
flow adjacent to those surfaces. If the gas flow is 
contaminated with aerosols the Increased turbulence Will 
also accelerate the rate of particle deposition onto the 
surf ace by eddy d i ffus i on. I n the event of the spaces 
between the roughness elements being filled by the 
deposit, the beneficial effects of roughening are soon 
lost. There are two reasons for thiS: firstly, the 
ma~laJ forms an Insulating layer and secondly, the 
level of turbulence In the flow IS reduced as the 
surface becomes more smooth. 

In this paper the role of ribbed roughness elements 
are discussed In relation to their use on fuel rod 
surfaces in gas-cooled nuclear reactors. In addl tlon, 
the process and rate of depOSition of sub·mlcron 
particles is described by means of a theoretical model 
which includes the effects of surface roughness and 
thermophores I s. 

fOENCLA TURE 

A,B,C constants 3 
c particle concentration (~g/m ) 3 
cn free stream particle concentration (~g/m ) 
c. dimensionless particle concentration: (c/c o) 
em momentum exchange coefficient 
Cs thermal slip coefficient 
Ct thermal JUmp coefficient 
Cp specific heat (J/kg.K) 
d equivalent hydraulic diameter of flow channel (~) 
dp particle diameter (m) 2 
D particle dlffuSlvlty (m Is) 
e rib heIght (m) 
f fanning frictIon factor 2 
h heat transfer coeffIcient (W/m K) 
kg gas thermal conductivity (W/m.K) 
kp particle thermal conductivity (W/m.K) 
N particle mass flux (~g/m2.s) 
r fuel pIn radIUS (m) 

rp 
Re 
St 
T 
Tc 
Tg 
u 
u. 
U 
V 

v 
p 

particle radIUS (m) 
Reynolds number: (Ud/v) 
Stanton number: (h/pCpU) 
absolute temperature (K) 
temperature of fuel rod surface (K) 
temperature of gas coolant (K) 
flUId velOCity (m/s) 
friction velocity (m/s) 
mean velOCity of flow (m/s) 
partIcle depoSition velocity (mass transfer 

coeffiCient) (m/s) 
particle depoSition velocity with no 

thenmophoreslS (m/s) 
thermophoretic velOCity (m/s) 
particle deposition velocity with thermophoresis 

(m/s) 
dimenSionless deposition velocity (V/u.) 
dimenSionless thermophoretic velocity z (VT/u.) 
dimensionless nonnal distance from surface 

: (yu.) 
v 

pressure drop (N/m2~ 
eddy dlffuSlvlty (m Is) 
mean free path (m) 
kinematic Viscosity (m2/s) 
gas denSity (kg/m3 ) 

INTRODUCTION 

Convective heat transfer between a surface and a 
moving f1'Jld IS e'1hanced in the presence of turbulence. 
~Jrface rCJghenlng is one technique used to generate 
turbulence immediately adjacent to the surface and thus 
preventlr.~ the fonnation of a structured boundary layer. 
Early studies of "surface spoi lers· or ·turbulence 
promotprs" took the view that the technique was 
Ineffective if the gain In heat transfer was less thin 
the Increase in momentum transfer (drag). A closer 
Inspection of the role of surface roughening by walker 
and WilKie (1966) showed that this criterion was 
Inappropriate and that in many cases the roughening of 
the surface was highly beneficial to the overall helt 
transfer process. Consequently the fuel rod surfaces 



In all U.K. Advanced Gas Cooled Reactors (AGR's) are 
machined to produce transverse ribs closely spaced along 
the length of the rod. With reference to fouling, 
however, If the fluid fl~lng over the roughened surface 
IS contaminated by very fine particulates, or even 
mo!ecular material capable of forming a depoSit, then 
the Increased heat and momentum transfer will be 
accompanied by an increase In the mass transfer to the 
surface, l.e. the fouling rate Will Increase. 

ThiS paper Will firstly describe how the heat 
transfer In an AGR IS enhanced by the use of ribs. 
Secondly, the effect of fouling on such surfaces Will 
be described together With the consequences for heat 
transfer. Finally the paper will present a 
mathematical model which has been developed to describe 
the depOSition of sub-micron particles onto roughened 
surfaces In the presence of thermophoresls. 

RIBBED HEAT T~FER SURFACES 

Convective heat transfer between a solid boundary 
and a moving flUid IS significantly Influenced by the 
presence of turbulence which moves the flUid away from 
the surface replaCing it With fresh fluid, thus hel~lng 
to maintain a high surface temperature gradient. Even 
In turbulent boundary layers, however, the viscous sub
layer acts as a resistance to the convective heat 
transfer. By haVing roughness elements In the shape of 
small rectangular ribs on the surface It IS pOSSible to 
destroy the structured boundary layer and produce a 
turbulent flow close to the surface. The shape, size 
and spacing of the ribs is very important, this can be 
demonstrated with reference to Fig. 1. In Fig. l(a), 

(a) ~,);;,=">/>;t;ift;ji;,,,9'JIJ 

(b) 

(c) 

Fig. 1 Effects of ribs height on flow 

the rib IS too small to be very effective since the flow 
soon re-attaches after the rib and a VISCOUS layer has 
time to develop. In 1(b), the other extreme IS sh~n 
where the flow skims over the top of the ribs and a 
recirculating region forms between them. Clearly an 
optimum pitch/height ratio lies somewhere between these 
two cases. After extenSive experimental work (Wilkie, 
1966) a ratio of 7.2 has been adopted for AGR fuel rods. 
Fig. 2 sh~s a flow channel configuration In which 36 
ribbed fuel rods are contained Within a graphite sleeve. 
ThiS IS the configuration used In commerCial nuclear 
reactorS In the U.K. 

An obVIOUS drawback of roughening IS that It also 
causes an Increase In the surface friction factor. 

Grophl te 51_ 36 fuel pins 
\5.4 om diareter 

Fig. 2 Cross-section of flow channel in commercial 
A.G.R. 

When the pressure drop across a flow channel Whose 
surface is roughened is expressed as a function of the 
friction factor and the Stanton nulber, for a given 
geometry and for a fixed gas flow rate, the result Is: 

(1) 

Walker and Wilkie (1966) Investigated the relation 
between ri b geometry and pressure drop in SOllIe detai I 
and came to the firm conclusion that in Many 
circumstances the benefits of increased heat transfer 
rates significantly outweigh the penalties associated 
With the Increased friction factor - the AGR being an 
example. The effects of rib height for a fixed pltchl 
height ratio on heat transfer and friction factor are 
shown in Figs. 3 and 4 respectively. 
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Fig. 5 shows the variation of Stanton number with 
friction factor for different rIb geometries under the 
same flow condition. The data is extracted from 
figs. 3 and 4 and provides the basis of the argument 
used by WalKer and WilKie. Referring to equation (1) 
together WIth Fig. 5, It is seen that in this case AP 
in fact decreases as a result of using roughened 
surfaces. 

rOUlING OF RI88ED SURfACES 

OperatIng experIence with gas cooled nuclear 
reactors has shown that, under certain conditions. the 
formation of a carbonaceous deposit can occur on the 
fuel rods. 8y using instrumented fuel stringers 
inserted Into the core of the Windscale prototype AGR, 
It has been pOSSible to measure the effects of the 
deposit on the heat transfer. 

The advanced gas-cooled reactor is graphite 
moderated and uses carbon dioxide gas as a coolant. 
The system operates at a pressure of 41.4 bar. At 
typical reactor operating conditions there will be 
radlolytle oKIQation of the graphite. To ensure the 
reactor has a satisfactory operatlng life. it is 
important that this rate of oxidation Is kept to a 
minimum. The reaction produces carbon lIIOIloxide Which 
has the advantageous effect of inhibiting the oxidation 
rate; In addition methane is introduced to further 
contain the reaction rate. The methane Itself. however. 
Will also experience radiolysis and thereby Initiate a 
series of chemical reactions which can produce carbon 
or carbonaceous species and ultiMately the fo~tton of 
depOSits on the reactor surfaces (Blanchard et al. 1979. 
Campion 1980). The tendency for deposition to occur In 
gas cooled reactors when operating under certain 
conditions has long been recognised. There is still 
controversy however over the exact route to the foraatlon 
of the carbon species and the mechanjs~ of depoSition 
onto the surfaces. The effect of cool ing circui t 
deSIgn is also known to be important since different 
experimental systems produce different fouling 
characteristics. DepoSition in ComMercial reactors is 
closely monitored both by instrUMented fuel within their 
cores and by Visual and metallographic scrutiny of 
dIscharged fuel. However a large body of data was 
obtained from the Wlndscale AGR. now decOMMlssioned, 
With additional data coming from other experi~ntal rigs. 
The advantage of the Windscale reactor was that It was 
a fully operational prototype in which expert~ntal 
coolant compositions could readily be tested. 

Photographs of typical deposits fraM the Wlndscale 
reactor are shown in Figs. 6 and 1. The effects of 
the deposit are twofold: firstly it covers the ~tal 
surface of the fuel rod with an insulating layer of 
material, and secondly it fills tn the space be~n 
the ribs thereby tending to return the rod to a SlOOth 
surface and redUCing t~e convective heat transfer. 
These two effects will combine to cause a reduction in 
reactor power output or an increase in the surface 
temperature of the fuel rOd. The latter will infJuence 
the period of service of the fuel elelent and will lead 
to uneconomic premature withdrawal frOM the reactor. 
EdCh strInger In the Windscale reactor Is .ace up ot 
four fuel elements (eight in commercial reactor). the 
measured change In Stanton number of the second eleleOt 
in a particular channel is shown in Fig. 8. After 
130 days the CO content of the coolant was changed and 
a corresponding change in Stanton nuaber can be seen. 
In practice the methane levels can be monitored and 
adjusted and in any case the fuel is withdrawn after a 



Figs. 6 and 7 Deposition on AGR ribbed fuel elements 

certain period so that the fouling, whilst undesirable, 
IS not as seriouS as It might be. 

To further complicate the foulIng process two 
dIstinctly dIfferent kinds of deposit have been found; 
these are assoCiated With different surface temperatures 
and are therefore known as High and Low Temperature 
Depos)t - HTO anO LTD. The high temperature depOSit 
occurs at temperatures above approximately 7000 C and IS 
seen to consist of straight tubular filamentary growths 
which are produced by catalytic decompoSition of 
hydroCarbon at the fuel rod surface. In other words 
there IS molecular mass transfer to the surface and the 
depOSit grows, through chemical reaction, away from the 
surface. In contrast, the low temperature depOSit 
(500 - 700oC) consists of highly irregular filaments of 
o I - 0.2 ~m diameter. Electron micrographiC 
e~amlnatlon of LTD shows It to be similar In structure 
to depOSits of soot. It has also been observed that 
LTD IS unaffected by the CompOSition of the surface upon 
whiCh It IS found, thiS would not be expected If It were 
d Chemical growth. These observations suggest that LTD 
IS formed by discrete particles being deposlt~d onto the 
surface from the gas by eddy-diffusion Impaction. 
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Fig. 8 Change in Stanton number 

Further weight IS given to this argu.ent by the 
discovery of iron in the deposit. It Is believed that 
Fe(CO) is generated at Metal surfaces In the coolant 
clrcui~ (hence explaining the circuit dependence which 
has been observed) and is then destroyed to form Minute 
Iron particles. It is further believed that the iron 
particles act as nucleation Sites for the growth of 
particles of carbon derived f~ the methane in the gas. 

Although the processes described above relate 
Qlrectly to heat transfer in nuclear reactors they can 
be viewed In a Wider perspective. The use of roughneu 
elements in the form of small ribs placed transverse to 
the flow IS seen to be highly beneficial to the heat 
transfer from a solid surface and could. perhaps, be 
used more Widely. From the vIewpoint of fouling, the 
gas In the reactor ~ould be conSidered. by .any 
observers, to be both Inert and clean - particularly 
when compared With most process fluids. It Is evident 
therefore that a fluid IS not necessarily as clean as It 
might appear. There is a direct link between turbulence 
enhanced heat transfer and fouling since the turbulent 
transport mechanisms of each are fund.-entally the Sale. 
The turbulent bursts and eddies which scour the surface 
and effiCiently remove the heated (or cooled) fluid are 
equally as effective in bringing the ~ll particles 
Into contact With the surface where they will alMOst 
certainly stick due to strong forces of adhesion. The 
corners either Side of the ribs shelter s .. ll 
recirculation zones which will encourage particle 
deposition, the depo~it can then spread to cOlPletely 
fill the gap between the ribs. The evidence suggests 
that the depOSiting particles are typically 0.2 ~ 
diameter (Kelly. 1984). Predicting the .,Uon lAd 
depOSition of particles of this size can be difficult 
since they are too large to be considered IS gas 
molecules ~hose transport could be related to thlt of a 
diffUSing gas whilst they are too small to possess 
suffiCient Inertia for them to be considered as discrete 
spheres moving in a VISCOUS fluid. 

The speCifiC role of the authors in this wort is to 
investIgate the mechanism of deposition of su~iCron 



particles onto roughened surfaces and In the presence 
of steep temperature gradients which introduce the 
phenomenon of thermophoresls. The following section 
describes a theoretical model of the depOSition which 
nas been developed and which Will shortly be tested In 
the laboratory uSing experimental aerosol techniques. 

nlEORHICAl f«)()[l 

The theoretical treatment for thiS study has been 
based on a diffUSive model In which the particle flux IS 
expressed in terms of particle dlffuslvltles and a 
concentration gradient. thus: 

(2) 

The diffUSion across perfectly laminar flows IS 
mainly governed by the particle dlffuSIVlty D. but In 
turbulent flows thiS IS qUickly overwhelmed by the 
turbulent diffuSlvlty. E. Expressing equation (2) In 
dimenSionless form gives: 

• v· = (Q • ~) ~ (3) 
v v dy. 

The depOSition process IS therefore seen to be 
Influenced by the shear velOCity u •. where: 

u" = u A (4 ) 

The friction factor of a fuel element With ribbed 
surface was experimentally measured by Rapier (1977) and 
found to be: 

f = 0.0115 • 1.325 ~ • 0.265 ir ( 5) 

The turbulent dlffusivlty of the particles IS assumed 
to be the same as that for the flUid. ThiS assumption 
IS reasonable for particles less than about 1 wm 
(Rouhiainen and Stachlewlcz. 1970). DaVies (1966) 
derived an empirical expression for the eddy diffUSion 
coeffiCient at a non-dimenSional distance y. from the 
wa 11. thus: 

n 
!. 0.001 (y.) (6 ) 
\I (C/Re) 

m 

0.08 
where n = 4 - (/) 

m = //(400 + /) 
and C 2.5 x 10

7 

Surface Irregularities. as wei 1 as causing 
turbulence. also have a direct effect on the capture of 
particles since the peaks of the Irregularities (or ribs 
In thiS case) will tend to "catcn" them as they drtft 
past. Consequently. the rate of depOSition of 
particles onto rough surfaces IS well known to be much 
greater than that Qnto smooth surfaces (~ells and 
Chamberlain 1969, Chamberlain 1967). To allow for 
thiS effect Brown :,1974) modified DaVies' approach by 
essentially uSing d shifted origin for the surface. 
The particle stOPPing distance, velOCity and dlffuslvlty. 
were then conSidered from thiS displaced Origin. The 
analySIS of Brown applies to a randomly rough surface 
and should therefore be conSidered With some caution In 
relation to the regular roughness of the fuel rod 
surfaces. The depOSition between the ribs Will not be 
uniform and the analySIS presented herein will give 
average values. A comparison of different studies into 

deposition onto surfaces With random roughness 
(Owen et al. 1986) has shown that in the absence of 
thermophoresis surfaces With regular and with Irregular 
roughness experience Similar average rates of deposition. 
However. the scale of roughness considered by Brown IS 
comparable In size to the particle radiUS. This limits 
the applicability of Brown's work and for the present 
study the size of the roughness elements (0.28 mm x 
0.28 mm on a 2 mm pitch) makes It unSUitable. It is 
therefore appropriate to use Davies' theory and to allow 
for the surface roughness through the rough surface 
shear velOCity from equation (5) which influences 
equation (3) and. lat~r, equation (8). 

ThelWlPhores i s 

Particles of sub-micron size respond to the motion 
of the gas molecules around them. In the presence of 
steep temperature gradients the molecular activity on 
the hotter Side of the particle is greater than that on 
the cooler Side. The result is the phenomenon of 
thermophoresls whereby particles are driven away from 
hot surfaces and attracted towards cold surfaces. 

The strength of the thermophoretic force and the 
velOCity acquired by the particles has been the subject 
of a number of investigations. (Epstein 1929. Brock 1962. 
DerJaguln and Yalamov, 1965). Talbot et al (1980) found 
that Brock's theory. With an improved value for the 
thermal slip coeffiCient. C • gave good agreement with 
experiment over a wide rang~ of Knudsen number (l/r ). 
In the present work. therefore. the expression prop8Sed 
by Talbot et al has been adopted where the thermophoretic 
velOCity IS given by: 

k CAr] 
2C v (~ • __ t __ ) [1 + ~ (A • B exp (-C ~) 

s p r p p .!. dT (7) 
VT TOy 

k 1 
(1 • 3Cm ~p) (1 • 2 ~. 2et r-) 

p p 

where Cs = 1.149. Cm 1.14, Ct 2.18. A 1.2 

B = 0.41 and C 0.88 

Incorporating the thermophoretic effect into the 
diffUSion equation gives: 

o [ dc· + + v· = (-. -) - • VT c (8) 
v v dy+ 

The solution for the deposition rate is found by 
integrating thiS expression from the surface into the 
flow. The procedure is essentially the saMe as that 
used by Davies (1966) and Brown (1974). It should be 
emphaSised that the model does not take into account 
any removal by aerodynamic forces. which May occur. 

Figure 9 shows the effect of particle size on the 
predicted deposition velocity for different surface 
roughnesses In the absence of thenlOPhOresls. Inlttally. 
as the particle size increases so the particle 
dlffusivity and hence deposition velOCity decreases. 
As the particle size IS increased further so the 
deposition velocity Increases again as the effects of 
particle Inertia begin to be seen. As would be 
expected, the Inertia effects becoae .ore t~rtant as 
the surface roughness is Increased, such that for ./2r • 
0.036 inertia effects are seen to increase deposition fOr 
particles greater than 0.5 ~ whereas for e/!r : 0.009 
the corresponding particle size is 0.7~. Als~ the 
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rate of increase of deposition velocity with particle 
size IS greater for the rougher surface. 

EKamples of the predicted effects of thenlOphoresis 
are shown in Figs. 10 and II. The potential of 
thermophoresls in preventing deposition onto surfaces Is 
considerable. For example, the theory suggests that 
for surface to gas temperature differences of 600e the 
depOSition velocity for 0.2 ~ particles will fall to l' 
of ItS value without then.ophoresis. It can also be 
seen In Fig. 10 that thenwophoresis has a IUch greater 
effect on 0.2 um particles than on 0.7 ~ particles. 
In fact particles of about 0.2 ~ are those .ast 
susceptible to thermophoresis - below this size there is 
only a small temperature difference across thea (hence 
reducing the thermal imbalance) and above this size 
inertial effects begin to dominate. from Fig. II it 
can be seen that then.ophoretic effects are reduced over 
rough surfaces. This is again due to the particle 
Inertial deposition being influenced by the surface 
roughness. 

The preceding discussion has ilPlied that the 
surface is a perfect sink and that once a particle 
reaches the surface it will not be reIOved. For sub
micron particles the adhesive forces are believed to be 
sufficiently large for such an approxl.ation to be valid. 
Under such conditions the deposit Will steadily Increase 
With time. There is however a li.ited ..aunt of 
eVidence to suggest that even sub-.lcron particles can 
be removed provided the mean w~II shear stress Is high 
enough, (Cleaver and Yates, 1973). When this occurs the 
deposit no longer increased indefinitely with ti~ but 
reaches an asymptotiC value (Cleaver and Yates. 1976). 
As Indicated earlier the deposit encountered tn AGI's 
IS not uniformly dispersed and aggla.eratlon of s.all 
sub-micron particles at the surface will occur. These 
Will be susceptible to aerodynalllic re.lval. This tlIO
stage mechanism leading to reneval of depoSits further 
complicates the process. 



CONClUO I NG R£Mo\RKS 

The purpose of this paper has been to discuss the 
role of roughened heat transfer surfaces and their 
sensitivity to fouling. especially by sub-micron 
particles. The use of roughened surfaces and the 
consequences of fouling have been described through the 
specific example of gas cooled nuclear reactors. To 
Investigate more fundamentally the deposition process a 
theoretical model has been developed which Include~ the 
effects of surface roughness and thermophoresis. The 
thermophoresls In particular is shown to be a very 
Influential component of the deposition process 
especially With particle sizes between. say. 0.1 and 
0.7 ~m. The majority of deposits which are found in 
heat exchangers lie outside thiS narr0w size range and 
consequently thermophoresls is not generally recognised 
as an Important mechanism. One method through which 
particles Within thiS size range can be fonned IS by a 
nucleation process which will be initiated by either a 
thermal or chemical disequilibrium. The original 
formation and subsequent growth of these particles Will 
normally lead to a near monodlsperse distribution of 
particle sIze. In the event of a foulant being 
produced In this way the role of thermophoresls Should 
not be overlooked. 
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SUB-MICRON PARTICULATE FOULING OF HEATED A.G.R. FUEL ROD SURFACES 

This paper describes an experimental study of particu
late deposition onto ribbed AGR fuel rod surfaces. 
The deposition rates of 0.25 and 0.05 ~m diameter 
particles onto unheated and heated, smooth and ribbed 
surfaces have been measured using a fluorimetric 
technique. On the unheated surfaces the effect of the 
ribs is to increase the surface deposition about 
twenty-fold compared with the deposition onto the 
hydraulically smooth surface. By heating the surface 
to 950 C, compared wi th the gas flow temperature of 
25 0 C, the deposition rates of the 0.25 ~m particles 
are reduced by about 90% on the smooth surface and by 
about 80% on the rough surface. The corresponding 
values for the o. 05 ~m part ic les, are about 60% for 
both the smooth and the ribbed surfaces. Comparison 
of the experimental results with a theoretical model 
for turbulent diffusion with thermophoresis, 
emphasises that this aspect of particulate deposition 
is not at all properly understood. 

Nomenclature 

c(c+) particle concentration (dimensionless C/c
o

) 
Co free stream particle concentration 
dp particle diameter 
D particle diffusivity 
e rib height 
Kn Knudsen number 
p+ rib pitch 
t p dimensionless particle relaxation time 
T absolute temperature 
u* friction velocity 
V(V+) deposition velocity (dimensionless V/u*) 
V isothermal deposition velocity 
V~ thermophoretic velocity 
Vth net deposition velocity with thermophoresis 
yty+) distance from wall (dimensionless) 
a equivalent rib height scaling factor 
e temperature gradient scaling factor 
£ eddy diffusivity 
Ag,Ap gas and particle thermal conductivities 



1. INTRODUCTION 

The fouling of heat exchanger surfaces can lead to significant problems in 
terms of reduced plant performance and increased energy costs. A particu
lar example of this which has recently received much attention, although 
it is not a new problem, is the fouli ng of the fuel rod surfaces in ad
vanced gas-cooled nuclear reactors (AGR's). 

The AGR is graphite moderated and uses carbon dioxide gas as a cool
ant. The system operates at a pressure of 41.4 bar. At typical reactor 
operating conditions there can be radiolytic oxidation of the graphite. To 
ensure that the reactor has a satisfactory operating life, it is important 
that this oxidation is suppressed. The reaction produces carbon monoxide 
which has the advantageous effect of inh i biting the graphi te oxidation 
rate; in addition methane is introduced to further contain the reaction. 
The methane itself, however, will also experience radiolysis and thereby 
initiate a series of chemical reactions which can produce carbon or 
carbonaceous species and ultimately the formation of deposits on the 
reactor surfaces (Blanchard et aI, 1979; Campion, 1980). The tendency for 
deposition to occur in AGR's when operating under certain conditions has 
long been recognised. There is still controversy however over the exact 
route to the formation of the carbon species and the mechanisms of depOSi
tion onto the surface. Deposi tion in commercial reactors is closely 
monitored both by instrumental fuel rods within their cores and by visual 
and metallographic scrutiny of the discharged fuel. Furthermore, a large 
body of data was obtained from the Windscale AGR, now decommissioned, with 
additional data coming from other experimental rigs. In the commercial 
reactors the level of deposition can be controlled to a certain degree by 
monitoring and adjusting the methane content of the coolant gas. 

In conventional tube heat exchangers the gas flow is across the tube 
and the heat transfer is assisted by the chaotic turbulent flow that 
results. In a nuclear reactor, however, the coolant flows along the tube 
and, if allowed to form, the developed boundary layer will reduce the 
level of heat transfer. Consequently the fuel rod surfaces in all AGR's 
are machined to produce circumferential ribs closely spaced along the 
length of the rod transverse to the direction of the gas flow. The pur
pose of these is to enhance the convective heat transfer by promoting 
turbulence at the surface. With reference to fouling, however, if the 
fluid flowing over the surface is contaminated by very fine particles or 
molecular material capable of forming a deposit, then the increased heat 
and momentum transfer will be accompanied by an increase in mass transfer 
to the surface, i.e. the fouling rate will increase. When fouling does 
occur, the effects of the deposit are twofold: firstly it covers the metal 
surface of the fuel rod with an insulating layer of material, and secondly 
it fi lls in the space between the ribs thereby returning the rod to a 
smooth surface and reducing the convective heat transfer. Johnson (1985) -
indicated that reductions in Stanton number of 12% or more have been 
measured using instrumented fuel rods. 

Micrographic evidence has shown that two distinctly different types 
of deposit are formed on the fuel rod surface; these are associated with 
different surface temperatures and are therefore known as High and Low 
Temperature Deposit - HTD and LTD. The high temperature deposit occurs at 



temperatures above approximately 7000 C and is seen to consist of straight 
tubular filamentary growths which are produced by catalytic decomposition 
of hydrocarbon at the fuel rod surface (Johnson, 1985). In other words, 
there is molecular mass transfer to the surface and the deposi t grows, 
through chemical react ion, away from the surface. In contrast, the low 
temperature deposi t (500 - 700oC) consists of highly irregular filaments 
of 0.1 - 0.2 ~m diameter and is similar in structure to deposits of soot. 

Whilst the chemistry of the gases within the nuclear reactor was able 
to explain the presence of the high temperature deposit, the low tempera
ture deposi t could not be explai ned with any satisfaction. It was not 
clear whether the LTD was formed by gas phase or particulate mass transfer 
to the surface. Although the chemistry was unable to explain growth of 
LTD on the surface it was able to show that sub-micron carbon particles 
could form in the gas flow due to the radiolytic decomposition of the 
methane. The suggestion was, therefore, that the sub-micron carbon parti
cles formed in the gas and were then deposited by eddy-diffusion onto the 
fuel rod surfaces (Kelly, 1986). Against this argument, however, was the 
fact that the large temperature differences (about 2000 C) between the gas 
flow and the hot fuel rod would generate large thermophoretic forces which 
would prevent any particles from deposi t ing onto the surface. However, 
the processes which influence the depOSition of small particles onto 
surfaces where the effects of both roughness and thermophoresis are acting 
are not at all well understood. 

The purpose of the work reported in the following sections of this 
paper was to measure experimentally the deposition of sub-micron particles 
onto smooth and ribbed surfaces, with and wi thout thermophoresis. The 
physical aspects of particulate turbulent diffusion onto roughened, and in 
particular heated, surfaces do not lend themselves easily to analysis. The 
associated conventional theoretical model is not presented in full in this 
paper, but the theoretical results will be compared with the experimental 
data and duly commented upon. 

2. EXPERIMENTAL APPARATUS AND PROCEDURE 

The generation of the sub-micron particles and the subsequent measurement 
of their deposition was carried out using a fluorimetric technique. A 
schematiC of the experimental deposition rig is shown in Fig. 1. The 
figure shows the general layout of the aerosol generator and the pipe flow 
rig with its working section. Also shown is the method by which the fuel 
rod was assembled in the working section. 

The experimental techni4ue uses fluorescein particles. A fluorescein 
powder (Uranin) is dissolved in clean, deionised water to produce a rela
tively strong solution. The solution is then atomised in a bank of 
Collison atomisers, Fig. 1. The resulting spray is passed through an 
impactor where the larger drops are removed. The remaining fine mist 
passes through a sonic jet where it is exposed to a cloud of bi-polar ions 
to neutralise any acquired electrical charge. The mist is then held in a 
chamber wi th a rela t i vely long residence time; here the fine mist will 
evaporate so that each droplet will leave a single spherical particle. The 



size of the particles are controlled by varying the strength of the origi
nal solution. In the present work two particle sizes were used, viz. 0.25 
ar.d 0.05 ~m diameter. The size distributions of the particles were found 
to be relatively mono-dispersed and were measured by an electron micro
scope. 

The particles are ther. injected into the filtered air stream of the 
deposi tior. rig which in this case consisted of a 200 mm diameter pipe 
about 10 m long. The air flow passes through the working section which 
contains the surface to be deposited upon before being exhausted from the 
laboratory to the atmosphere, via filters. The experiments were carried 
out usir.g a single fuel rod placed in the pipe axis. Dummy fuel rods ran 
the length of the pipe before the working section to ensure the flow was 
fully deve loped. 

To measure the spatial distribution of the deposit, the fuel rod, 
which is approximately 1 m lor.g, was cut into a number of small sections, 
each 50 mm long. These were ther. reassembled using ferrules and a central 
tie rod, Fig. 1. The diameter of the fuel rod was 15.4 mm and the ribs 
were 0.28 mm square, spaced on a 2 mm pitch. 

The particle-laden air stream was passed through the deposition rig 
for up to 3 hours. After that time the fuel rod was removed and carefully 
disassembled. Each section was placed into a test tube and flooded with a 
measured amount of clean de-ionised water so that the deposited particles 
were dissolved off the surface to make a very weak fluorescent solution. 
The solution was then placed into a fluorimeter where it was exposed to a 
filtered light source and its fluorescence measured by a photo-multiplier. 
The strength of the solut ion, and hence the amount of deposit, was com
pared to solutions of known concer.tration. The free stream concentration 
was measured by drawing a number of isokinetic samples from the airflow 
through a millipore filter, the filter paper was immersed in de-ionised 
water and the resulting solution analysed in the fluorimeter. Knowing the 
free stream concentratior. and the mass deposited, the deposition velocity 
was calculated. 

2.1 Isothermal surfaces 

The initial experiments were carried out using smooth and ribbed unheated 
surfaces, The smooth surface was cor.structed from a 15 mm diameter stain
less steel tube which was cut ir.to 50 mm long sections, as was the fuel 
rod, and reassembled over a tie rod. To ensure perfect alignment of adja
cent sections the end of each was machined to form a spigot which fitted 
neatly into the mating piece. 

The turbulent diffusion onto surfaces through a concentration gradi
ent is given by: 

D dc+ 
(- + ~) 

v V dy+ 



The first term in the bracket describes the Brownian diffusior. whilst the 
second term is associated with the turbulent diffusion. In turbulent 
flows the second term dominates the process. The rate of deposition over 
rough surfaces is known to be much greater than that onto smooth surfaces, 
(Wells and Chamberlain, 1969; Chamberlain, 1967: Chamberlain et ai, 1984). 
To allow for this effect Browne (1974) modified the solution of equation 
(l) by using a shifted origin for the surface. The particle stopping 
distance, velocity and eddy diffusivity were then considered from this 
displaced origin. The roughness also increases the shear velocity and 
hence the eddy diffusivity at the surface. The analysis of Browne applies 
to a randomly rough surface and it therefore needs to be considered with 
some caution in relation to the regular roughness of the fuel rod sur
faces. The method adopted for deali ng with this was to take an average 
roughness whereby the additional area of cross section produced by the rib 
was assumed to be spread between the ribs, (e.g. for a square rib of 
height e on a pitch p, the equivalent height would be e2 /p). To evaluate 
the role of roughness on the smooth rOd, its surface topography was meas
ured using a Talysurf. The average roughness, including the join between 
sections was found to be 1.5 ~m. The effects of different Reynolds 
numbers were observed by changing the flow velocities. The Reynolds num
bers were 5 x 10 3 , 6 x 104 and 3 x 105 • 

2.2 Heated surfaces 

To assess the effect of thermophoresis over the rough and smooth surfaces 
they were both heated. The technique used was that of electrical resis
tance heating, although it was not possible to directly heat the segmented 
rod because of the joins between the individual sections. Instead, the tie 
rod which was used to assemble the section was heated and was therefore 
electrically insulated from the test rod. 

The thermophoretic effect can be incorporated into equation (1) to 
give: 

V + + 
T c (2 ) 

+ where VT • the dimensionless thermophoretic velocity is given by Talbot 

et al (1980), as: 

v + 
T 

1 dT 
T dy 

where Cs = 1.149, 

A = 1.2, 

Ag 
v (-- + Ct Kn)[1 + Kn (A + 8 ex? (- C/Kn)] 

Ap 

2.18 

B = 0.41 and C 0.88 

dT and is the temperature gradient normal to the surface. 
dy 



To evaluate the thermophoretic velocity from equation (3) it is necessary 
to insert a value for the surface temperature gradient dT /dy; thi s was 
estimated from knowing the heating power through the surface. 

As with the isothermal surfac~, deposition tests were carried out for 
different Reynolds numbers, the two particles sizes and, in addition, 
different surface temperatures. 

3. RESULTS 

In the study of aerosol deposition, obtaining reliable results for a range 
of operating conditions is extremely time consuming and rather tedious. 
The results presented in this section are a representative sample of the 
many that were taken. The experimental spread that is shown is typical of 
that found in such tests. When the tests are repeated many times, the 
mean and the 95% confidence limits are seen to be very conSistent, 
(El-Kady, 1988). 

3.1 Isothermal surfaces 

Figure 2 shows the deposition velocity measured along the unheated smooth 
surface. Each band represents the spread in the results of three differ
ent three hour experiments. The data shows that the deposition along the 
surface is essentially constant, which is to be expected since the flow is 
fully developed. Also shown is the theoretical prediction for a perfectly 
smooth surface which is (and was always seen to be) less than the measured 
value. However, when the measured surface roughness (1.5 \lm) is used in 
equation (1) to produce a 'real' smooth surface the agreement is seen to 
be much better, especially at the higher Reynolds number. This rai3es the 
question of what constitutes a smooth surface relative to a sub-micron 
particle. Davies (1983) showed that the micro-surface roughness inherent 
in most experiments plays an important role in deposition. Using a theory 
based on the streamwise inertial impaction of particles onto roughness 
elements, it was clearly demonstrated that experimental differences in 
deposition velocities to nominally smooth surfaces can be explained if the 
actual surface roughness is allowed for. When purely diffusional mecha
nisms are present, for very small values of the dimensionless particle 
relaxation time tp+' Davies reasoned that increases in deposition are due 
to greater perpendicular eddying associated with the roughness elements. 
The deposition velocities measured for the (real) smooth surface in the 
present work are consistent with the data used by Davies. 

The deposition velocity measured along the ribbed fuel rod surface is 
shown in Fig. 3. It can be seen that the effect of the ribs is to in
crease the deposition rate twenty-fold. When the equivalent roughness, as 
described in section 2.1, was calculated it was seen that it was greater 
than the thickness of the concentration layer. Since the relationship 
between the roughness assoc iated with the ribs and the random roughness 
model used in the theory is not clear, it was decided that proposed 
equivalent roughness should be factored such that the experimental and 
theoretical data, for the different particle sizes and Reynolds numbers, 



showed the best agreement. In Fig. 3 the resulting theoretical prediction 
is shown together with the experimental data. The rate of deposition is 
again seen to be relatively constant along the fuel rOd. The factor ( a) 
required to scale the equivalent roughness to align the data was 0.1. This 
value was subsequently used in all the analyses. 

In Fig. 4 the ribbed surface deposition velocities measured in the 
present work are shown as a function of t p+ and compared with the data of 
Chamberlain (1967). When reviewing this data Davies (1983) considered 
that for t p+ less than 0.22, the deposition process is that of diffusion 
whilst for relaxation times greater than this value, the deposition proc
ess becomes influenced by impaction. On this basis it can be seen from 
Fig. 4 that the dominant mechanism of deposition in the present work is 
that of diffusion. 

In Fig. 5 the deposition velocity on the rod surface is shown as a 
function of Reynolds number. The experimental values are shown superim
posed upon the theoretical curves for the ideal and the real smooth sur
faces, and for the ribbed surfaces using the procedure outlined above. It 
can also be seen from Fig. 5 that the deposition velocity increases with 
Reynolds number, this is a reflection of the higher friction velocity and 
the more vigorous transport processes. Furthermore, the increased rough
ness has less effect at the lower Reynolds number whereas at the higher 
values the effect of the additional surface-generated turbulence is 
clearly seen. 

3.2 Heated surfaces 

Notwi thstanding the adjustment that had to be made to the rib height to 
accommodate its particular geometry, the agreement between Browne's model 
and experimentally measured deposition onto randomly rough surfaces is 
generally good. The same cannot be said, however, of the agreement be
tween experiment and theory in relation to the heated surface. In Fig. 6 
the experimentally measured deposition velocity for the 0.25 ~m particles 
are shown for the smooth surfaces when heated and unheated. The effect of 
heating the smooth surface to 950 C (ambient air temperature 25°C) is to 
reduce the deposition rate to about 10% of that measured on the unheated 
surface. The theoretical prediction using equations (2) and (3) is given 
by the lower curve in Fig. 5 where it can be seen that the theory under
estimates the deposition velocity by many orders of magnitude. The effect 
of thermophoresis, whilst still significant in practice, is substantially 
exaggerated in theory. Similar predictions for the effects of thermo
phoresis were made by Gokoglu and Rosner (1986) using a rather different, 
and more sophisticated, mathematical approach. 

The expression for the thermophoretic velocity given by equation (3) 
was derived, and supported experimentally, for quiescent conditions where 
flow and turbulence were not a factor. The aspect of this expression which 
has to be questioned in the present context is that of the surface tem
perature grad ient, dT /dy. Consider ing the hectic si tuation at the SUr
face, there will be turbulent eddies, even in the laminar sublayer, which 
will be substantially larger than the particles. The particles will be 
trapped in discrete bursts of fluid, (Cleaver and Yates, (975». The 
particles contained in the eddies will not be exposed to the mean surface 



temperature gradient and will be transported to the surface oblivious of 
the thermophoretic potential that exists. In view of this it is under
standable tQat the theories that are conventionally put forward are found 
wanting. 

If it is accepted that the temperature gradient is the principal 
source of error, then one way of aligning the experimentally measured 
results and the theoretically derived values is to scale the temperature 
gradient. This was done using all of the many experimental results that 
were obtained for the deposition at smooth heated surfaces, with different 
surface temperatures, the two particle sizes and different Reynolds num
bers. The resulting scaling factor (8) was found to be 0.2 and the effect 
of installing this into equation (3) is shown on Fig. 6 where the theo
retically derived deposition velocities are now much closer to the meas
ured values. 

The effect of thermophoresis on the different particle size is shown 
in Fig. 7, where the ratio of the deposition velocity with thermophoresis 
to that without is shown, (hot surface temperature of about 950 C, air 
temperature 250 C). For the 0.25 urn particles the effect of thermophoresis 
is to reduce the deposi tion rate to just 10% of that onto the unheated 
surface whilst the corresponding value for the 0.05 urn particle is about 
40%. Also shown in this figure is the theoretically derived value and 
although the agreement is not perfect it should be pointed out that the 
vertical scale in Fig. 7 is linear and that in terms of aerosol depOSition 
such agreement is very satisfactory. The reason for the smaller particles 
being influenced less by thermophoresis is that for a small particle the 
temperature differential across it is less and so, therefore, is the 
imbalance in the molecular bombardment. Particles larger than about 0.25 
urn will also show less response to thermophoresis due to their increased 
inertia. Although it is dependent on the state of the carrier gas, it is 
generally found that particles of about 0.25 urn are most susceptible to 
thermophoretic forces. The reason that the thermophoretic effect is less 
at the beginning of the rod in Fig. 7 is due to the fact that the rod 
heating was not uniform in that area. 

The effect of thermophoresis over the ribbed surface is shown in Fig. 
8. Here it can be seen that the deposition velocity over the 950 C surface 
compared with the unheated ribbed surface is about 40 and 20% for the 0.05 
and 0.25 um particles respectively. Also shown are the theoretical val
ues, which show good agreement. These were calculated by including the 
factor for both the rib height and the temperature gradient. Thus for the 
heated ribbed surface the roughness increases the deposition rate whilst 
the thermophoresis decreases it. 

4. CONCLUDING REMARKS 

The published data relating to the deposition of sub-micron particles onto 
real surfaces is extremely sparse and one of the principal aims of this 
paper has been to help rectify this. 



Deposits on surfaces fouled by sub-micron particles can take a long 
time to build up, possible a few months in the case of an AGR. The depo
sition is, nevertheless, relentless and to such small particles the sur
face represents a perfect sink. If there is a wide range of particle 
sizes in the gas stream then the sub-micron particles may act as a surface 
conditioner making the surface more 'sticky' to the larger particles. 
Knowledge of the behaviour of sub-micron particle deposi ting onto real 
surface is therefore important. 

Many studies have been made for the deposi tion of small particles 
onto ideal, smooth surfaces and under these condi tions the theoretical 
models have proved useful. From the results presented in this paper, that 
usefulness does not extend to the deposition onto more 'difficult' sur
faces. For the deposition onto the ribbed surface, the equivalent rough
ness concept did not fit easily into the mathematical model, and a 
correction had to be made to the roughness height. This approach can be 
defended since calculations of deposition rates through concentration 
gradients can only be carried out using average values and the geometry of 
the ribbed surface, specifically the size and spacing of the ribs in 
relation to the size of the particles, makes averaging difficult. 

In the case of the surface temperature gradient, it is clear that the 
model doesnot represent the physical mechanisms that are occurring at the 
surface and the use of a scaling factor in this context 1s not satisfac
tory. The use of these correc t ions, and the magni tude of the seal i ng 
factor used, are intended to demonstrate the inadequacies of present 
theories, the danger in using them, and the need for more reliable experi
mental data. 
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