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1. Introduction

Thermophoresis is the so called drift of the frac-
tions formed in non-isothermal flow where the fractions
move under the impact of temperature gradient [1]. It has a
number of practical applications such as gas cleaning, pre-
vention of fouling and corrosion in heat exchangers and
turbines, semiconductor and optical waveguide manufac-
turing and ceramic powder production. Environmental
regulations on small particles have also become more strin-
gent due to concerns about atmospheric pollution [2-6].
Because of practical importance of thermophoresis, it has
been the subject of extensive studies, both theoretical and
experimental, over the years. There is a large body of pa-
pers dealing with this phenomenon [7-9]. The main pa-
rameters of thermophoresis are its velocity, mass fraction,
shape and size of the particles, speed and temperature of
the flow, temperature of eroding surface, eroding material,
thermophoresis force and others. It should be emphasized
that the vast majority of previous results, both theoretical
and experimental, are for the thermophoresis of spheres.
Experimental data for non-spherical particle thermophore-
sis have been very limited [10]. Particle size is a very im-
portant parameter of thermophoresis processes [3, 11]. The
magnitude of the thermophoresis force depends on gas and
particle properties as well as on temperature gradient [3].

When offering the molecular-kinetic explanation
of the thermophoresis it is possible to propose that the im-
pulse transfer to a hard fraction from the fast moving
molecules with which it collides on the hot side of another
fraction is stronger than from the slower moving gas mole-
cules on the cooler side of another fraction. A moving hard
fraction affected by this power is drifting through the run-
ning gas with an adequate speed of the drift [12, 13].

At the given stage of the analysis of the discussed
processes it is not too important to consider the state of the
particles, i.e. whether they were formed within the high-
temperature flow of combustion products, fallen apart from
the eroding surface and transported by the flow, or whether
structural exchanges took place in the erosion products
under the impact of high-temperatures. The aim of the pa-
per is to show that even the finest fractions running in the
flows of combustion products and polluting the environ-
ment are very sharp and therefore harmful rather than that
they possess the fused edges as it is most frequently
claimed. The goal of this study was to investigate the mass,
shape and size of the erosion products of separate samples
produced from different ceramic materials and to compare
the experimental results with the calculation results.

2. Testing procedures

Experimental studies of the thermophoresis have
been performed in the stand constructed, tested and applied
to examine the erosion and ageing processes at the Institute
of Architecture and Construction of Kaunas University of
Technology [14]. The structural schema of the experimen-
tal setup is shown in Fig. 1. The process of thermophoresis
effect in the flow of combustion products at the flow speed
of 5 m/s and the flown round eroding ceramic surface
heated up to 500°C of temperature has been analysed. The
particles of the erosion products together with the particles
formed within the flow are transported from the eroding
surface in to the erosion product catcher / and are fixed
there. Besides, fine particle erosion products of the
nanosize are also found in the erosion product catcher.
Both natural and the propane/butane gases transformed
into the combustion products act as energy carriers. The
ceramic experimental channel constructed by the authors is
a heat-resistant generator of the erosion products. The
channel is hollow thick-walled inconsiderably thermo-
conductive equipment, in the interior cavern of which flow
the formed combustion products. The height of this high-
temperature channel 7 is 170 mm and its external diameter
is 240 mm. It is divided into two horizontal parts, the upper
2 and the lower one 6, the division made at 70 mm distance
from the top. After having removed the upper part from the
lower one, the experimental samples 4 are laid out on the
plane around the mid cavern of the high-temperature chan-
nel, along which during the experiment the high-
temperature flow of the combustion products will be run-
ning. The samples with dimensions of 50x300x15 mm are
pressed with the upper part of the high-temperature chan-
nel and thus are fastened for the experiment. During testing
the samples that are in the environment of fixed flow of the
combustion products get eroded. The speed of temperature
increase and decrease in the samples (in order to avoid the
so called thermo-blow) and the temperature and duration
of the work during the experiment are fixed with the Code-
Analogue Transformer 2/ within the information block 22
of the equipment. All the information about the course of
the experiment is stored in the computer PC memory. The
samples were tested in the combustion product flow for
300 min. The temperature of the flow was 800-1000C.
The area of the eroding ceramic was 0.0518 m®. To weigh
the erosion products the analytic balance BJIA-200-M was
used. The standard Powerfire 4T burner 8 with the ther-
moelement is used to work out the combustion product
flow. Its normal power is 7.5 kW and gas utilization is



544 g/h. The temperature was measured with Pt-PtRh
thermocouple and pyrometer Cyclops C100 5. The main
criterion that allows to estimate erosion resistance of the
tested materials is mass losses. By calculating the losses
for one area unit the alterations of mass from the eroding
surface area during one time unit are estimated.
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Fig. 1 Structural schema of the experimental setup [15]:
1 —erosion product catcher, 2 —upper part of the
high-temperature channel, 3 —holder of samples,
4 — experimental samples, 5 — pyrometer, 6 — lower
part of the high-temperature channel, 7— channel,
8 —burner, 9 — cooled flanges, /0, 12 and /3 — knob,
device and screw, respectively, for moving up or
down of burner, // — fixing of holder, /4 — hole for
circulation of air, /5 — foundation, /6 — ventilator,
17 and 19 — regulators of amount of cooling water,
18 — rotameter, 20 — panel for thermocouples con-
nection, 2/ — code-analogue transformer, 22 — in-
formation block, PC — computer

The interior cavern of the high-temperature chan-
nel through which the incandesced combustion products
are running forms the experimental speed of the flow
which is one of the test's parameters. Therefore due to the
experiment's task the diameter of the cavern is changed.
The erosion product catcher is fixed and fastened on the
upper part of the high-temperature experimental ceramic
channel, or in other words, on its top. It is produced of heat
resistant stainless steel and is a construction of knots. The
bottom part of the catcher which takes in the high-
temperature combustion product flow with the erosion
products is a hollow element fastening the catcher that
holds the catcher itself. Its interior cavern is conical and its
diameter may be changed from 94 mm to 110 mm. Actu-
ally, it is the bottom that determines the catcher's fixation
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and fastening. On this base whose external diameter is
120 mm and the height is 140 mm the collecting sections
of the erosion product catcher are fixed. There are 8 sec-
tions that are fixed with the screw-thread. From these
screwed sections a long hollow thin-walled cylinder is
formed whose length reaches 760 mm. Within each section
there are the catching volumes, i.e. the special shelves that
are mounted on the interior wall. They are made of heat
resistant stainless steel. During the experiments they pre-
serve their metal surface that does not get oxidised.

We assumed that a fraction moving within the
high-temperature combustion product flow is affected by
the power of thermophoresis that directs the fraction to the
opposite side of the temperature gradient. When affected
by this power, the fraction is drifting with respect to the
running high-temperature flow of combustion products at
an adequate speed of the drift which, according to the mo-
lecular-kinetic theory, may be determined with the help of
the following expression [8]

V.= (M
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where V; is the speed of thermophoresis; & is the constant
of the nondimensional thermophoresis; v is the kinematic
toughness of the high-temperature combustion products; 7'
is the temperature of the high-temperature combustion
product flow; VT is the difference between the sections of
entering and exiting flows.

The molecular-kinetic gas theory explains the de-
pendence of thermophoresis constant on the Knudsen
number that under the free motion molecular regime ap-
proaches to 1 [13]. When considering the gas flow and gas-
fraction flow as mutually intermixing flows the authors
claim that if the fields of the gas flow speed v are known,
the fields of the gas-fraction flow speed may be written
down as follows: v+V,. Then the gas-fraction equation is
[15]
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where ¢ is mass density of hard fractions in the flow.

When modelling heat and mass exchange in the
cavern of the high-temperature channel it is assumed that
the thickness of near to wall layer of the cylindrical surface
Jis considerably lower than R, i.e. the radius of the high-
temperature channel cavern. Having estimated that mass
concentration of the fractions in the combustion product
flow is rather low (in the discussed experiments it makes
no more than 3%), all the properties of the environment
and flow are considered as independent on the hard frac-
tion concentration in the high temperature combustion
product flow if compared with the clean flow. When calcu-
lating the convective transmission of heat and mass with
the above described assumptions the following equation is
worked out [16]

oT
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where p(7) is flow density depending on temperature; C, is
isobaric consuming content of the flow's heat; U, expresses



the profile of the speed of the high-temperature combus-
tion product flow depending on (y, z ); A is the coefficient
of the flow's heat conductivity.

On the basis of the experimental data the thermal
limit conditions are assumed as linearly decreasing in the
direction of z temperatures. The assumed speed profile is
the developed parabolic profile, which together with the
temperature alterations undergoes the alterations in the
speed amplitude. With the introduction of nondimensional
variables the mathematical model of the analysed process
is obtained [17]. When solving the equations of convective
heat conductivity and mass exchange with the adequate
limit conditions, for this variant of calculation, it is enough
to find out the fraction concentration in the flow, i.e. the
flow characteristics of those fractions, which under the
impact of thermophoresis have a transverse power and get
directed towards the catcher's wall where they are gathered
in the catching volumes [18]. Other fractions are brought
out and emitted from the catcher. The description of mass
transmission is based on the estimation of cylindrical ge-
ometry. Then the amount of precipitated flow carriage on
the walls of the catcher may be estimated as follows

m=GC'd,t “4)

where G is the mass of combustion products that pass
through the reactor; C° is mass concentration of fractions
in the section of the flow entrance into the catcher
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where T is the temperature in the section of the flow's exit
from the catcher; pris the density of the flow of the com-
bustion products containing fractions in the section of the
flow's exit from the catcher; 7, expresses the temperature
of the flow on the surface of the catcher; d is a part of the
fractions carried in the flow that is precipitated on the
catcher's wall; 7 is the duration of the experiment; ¢ is
mass density of the fractions in the flow near the catching
surface of catcher.

3. Results and discussion

The comparison of the mass of the erosion
products, which were carried in the flow and caught in the
catcher, and the calculated mass losses, is given in Table.
The mass densities ¢, of materials listed in Table were
taken from work [19].

As we know, the profile of the flow's temperature
reaches its maximum on the axis of the experimental chan-
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nel's cavern. Therefore, when approaching the cooler walls
of the catcher, the temperature gradient is directed toward
the flow's axis. The thermophoresis power operates in op-
posite direction and it directs the running fractions toward
the cooler walls of the catcher that are located around the
high-temperature flow of combustion products. Thus the
fractions in the central part of the flow are carried far away
and do not enter the catching volumes. It should be noted
that the precipitation efficiency of the catcher is low; nev-
ertheless, the possibilities to increase it are rather obvious.
In Fig. 2 we see a big amount of large (micronic) hard frac-
tions and even a bigger amount of fine, i.e. the nanosized
fractions. During the testing of Al,O; samples in the catch-
er's volumes, the amount of the caught fine fractions was
2-3 times larger than the amount of big fractions. If, most
possibly, among the big fractions there are the fractions
that split from the stroke onto the hard surface, among the
fine fractions there are partially fused and rounded surface
fractions, which are fast rolling on the surface and under
the impact of light air flow get lifted from the surface. The
big fractions do not roll and under the impact of the light
air flow do not move at all. Most probably, it is determined
by the faceted character of their surface. According to
Moos, the hardness of the Al,O; material reaches 9.

The erosion products caught up during the testing
of SiO, ceramic (Fig. 3) are extremely fine hard fractions
that in the precipitation zone leave the traces of touching
the surface. The hardness of its surface is considerably
lower if compared with the AL,O; ceramic and reaches
only 4-5 according to Moos. Such hard fractions roll on
hard surface easily and under the impact of light air flow
are quickly lifted and glide in the air. As a rule, their shape
is almost round.

The erosion products from MgCr,04 oxide com-
binations (Fig. 4) tested in the combustion product flow are
the fractions of nearly the same size. Such fractions often
combine into bigger grain which, as a rule, are found on
the surface of piled grain mass. The hardness of this mate-
rial is 5-6 according to Moos. These erosion products roll
on hard surface with difficulty and under the impact of
light air flow are hardly lifted from the surface. Shapes of
the fractions are most various. They are often combined
with each other.

Erosion products of the crystal magnesium oxide
(Fig. 5) are very sharp and split up hard grain having many
splitting planes and get deteriorating easily. When entering
the respiratory organs of human beings and animals, such
thin long and sharp planes may be very harmful. They do
not roll on the surface and under light air stream are lifted
into the air with difficulty. The hardness of this material is
5-6 according to Moos.

Table

Comparison of the losses of mass m; of the erosion products caught in the catcher and the calculated losses 1,
(in grammes)

Section of the Section 1 Section 2 Section 3 ‘ Section 4 ‘ Sections 5-6 Sections 7-8
catcher my m, my m, my ‘ n, my m, my | m, my mi.
material

Al,O; 2.89 2.74 2.71 2.61 236 | 242 | 2.07 1.98 3.6 232 | 2.81 2.07
SiO, 3.23 3.52 341 3.5 316 | 332 | 236 | 227 4.1 416 | 2.89 | 3.82
MgCr,0, 2.89 3.02 3.31 3.05 3.05 | 3.16 | 252 | 2.75 4.8 5.13 | 4.03 | 3.99
MgO 3.88 5.63 3.63 5.81 3.67 | 5.31 2.41 482 | 6.34 8.65 | 6.13 7.32




Fig. 2 Erosion products in the ceramic made of AlLO;,
magnified x500

%500

Fig. 4 Erosion products in the MgCr,O4 ceramic, magni-
fied x500

Fig. 5 Erosion products in the MgO crystal ceramic, mag-
nified x500
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It is important to stress that during the discussed
processes the newly formed products from the eroding
surface and the flow materials have been observed. This
has been determined by the temperature gradient found
between the temperature of the combustion product gas
flow and the surface temperature of the erosion product
catcher due to the mass exchange laws. In the discussed
experiment it is not as much important of what group the
micro- and nanofractions are or what their amount is. It is
significant that such a process has been observed and that
it may be fixed. The use of this process to control the ero-
sion products and their operation is very significant for the
determination of everyday pollution of natural environ-
ment with the thrown out hard fractions [18, 20].

4. Conclusions

1. It has been demonstrated that the drift pheno-
menon known as thermophoresis actively affects the hard
ceramic fractions in nonisothermal combustion product
flow, which may be precipitated on a cool wall when an
adequate temperature gradient is formed on the fraction's
surface.

2. On the basis of the above mentioned observa-
tion the erosion product catcher has been constructed in
which it is possible to collect the fine and bigger erosion
products and the hard fractions that are formed in the flow.

3. In various types of ceramics the erosion pro-
ducts differ in their shape, volume and reaction to the ther-
mophoresis effect. The calculations showed that the
efficiency of the catcher's precipitation reaches around 12-
15% of the pointed out mass of an eroding surface.

4. It was found out that the efficiency of fraction
precipitation had not been properly investigated. The ana-
lysis has confirmed that this process extends a considerable
potential resource for the efficiency increase thus seeking
to diminish the environmental pollution with the hard
fractions as combustion waste.
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EROZIJOS PRODUKTU GAUDYKLES TYRIMAI
DEGIMO PRODUKTU SRAUTE PANAUDOJANT
TERMOFOREZO EFEKTA

Reziumé

Mazai tirtas termoforezo reiSkinys turi svarbig
reikSmeg eiléje technologiniy procesy, ypac¢ energetikoje ir
chemingje pramonéje. Erozijos produkty kontrolé ir analizé
turi didele reikSme¢ nustatant kasdienini gamtos uzterSima
iSmetosiomis kietosiomis dalelémis i miisy gyvenimo ap-
linka. Tai gali turéti neigiama poveiki zmogaus organiz-
mui, ypa¢ kvépavimo organams.

Straipsnyje pateikti bandiniy, pagaminty i§ skir-
tingy keraminiy medziagy, erozijos proceso eksperimenti-
niy tyrimy rezultatai. Bandiniai buvo tiriami specialiame
autoriy sukonstruotame stende. Nustatyta skirtingy bandi-
niy erozijos produkty masé, forma ir matmenys. Buvo pa-
lygintas masiy skirstinys, gautas skaiCiavimo budu ir eks-
perimentiniu tyrimu. Atkreipiamas démesys i aStrius ir
briaunotus erozijos produktus.

R. Abraitis, E. Blazevicius, D. Abraitis, S. Bockus,
A. Ciuplys

THE EROSION PRODUCT CATCHER TESTING IN
THE FLOW OF COMBUSTION PRODUCTS WITH
THE USE OF THE THERMOPHORESIS EFFECT

Summary

The unextensively examined phenomenon of
thermophoresis plays an important role in a number of
technological processes, especially in energetics and chem-
istry industry. Control and analysis of the erosion products
is very significant for the determination of everyday pollu-
tion of natural environment with the hard fractions that are
emitted into the environment and may have a harmful effect
on a human organism, especially on the respiratory organs.
This paper presents the results of experimental investigation
of the erosion process of samples produced from different
ceramic materials. The samples were tested in a special
stand constructed by the authors. The mass, shape and size
of the erosion products of separate samples were investi-
gated. Particle mass distributions from calculation and ex-
periment were compared. The paper considers the sharp and
faceted products of erosion.
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