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An Experimental Study on Fouling over a Single Tube
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An experimental study to investigate the fouling phenomena over a single tube is carried out

in the hot wind tunnel. The temperature of gas and cooling air, and the temperature in the

fouling probe are measured as a function of time, probe position, gas temperature, particle

feeding rate, cooling air flow rate, etc., giving the local and average heat transfer rate and fouling
factor. The amount of foulant adhered to the probe has different values at the different positions

on the probe surface. giving different heat transfer rate and fouling factors as a function of
position on the probe surface. The fouling factor increases with the flow rate of cooling air and

foulant feeding rate. The local fouling factor increases with the gas temperature but the average
fouling factor does not depend much on the gas temperature above 700°C.
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1. Introduction

One of the most difficult problems experienced
in the initial design and during operation of
utitity boiler is fouling phenomena due to the fly
ash generated by coal firing. The fouling by fly
ash on the surface of heat exchanger is a primary
factor to decrease the performance of utility
boiler, causing an enormous energy loss and
increasing the cost for maintenance and recon-
struction. The fouling process consists of an ini-
tial delay period, particulate transfer to the heat
exchanger surface, deposition, aging, removal and
re-deposition. During the initial time delay
period, the conditions to initiate the fouling
process are formed on the surface of heat exchan-
ger. The heat transfer rate during the initial
period increases a little bit because the roughness
formed by initial particulate deposition destroys
the boundary layer. The initial time delay period
can or can’t exist depending on operating condi-
tions. According to the previous studies (Nbeal,
1970, Wenglarz, 1981, Lister, 1981, Ha et al.,
1996, Lee et al., 1997), Brownian diffusion, ther-
mophoresis, inertial impaction, turbulent diffu-
sion, gravity, electro-magnetic fields, etc., are
important mechanisms to transport the foulants to
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the wall. If the particulate deposition process
starts, physical and chemical changes accur on the
surface of heat exchanger. The removal of the
foulants deposited on the wall occurs due to the
erosion, thermal dissociation and gravity fall. The
fluid velocity is one of the most important param-
eters to affect the fouling behavior. With increas-
ing the fluid velocity, the particulate deposition
and removal by erosion increase and the net effect
is the thickness derease of the foulants deposited
on the wall. Thus the fouling factor decreases
with increasing the fluid velocity. The fluid tem-
perature affects the chemical reaction rate, crystal-
lization rate and polymerization, giving the
increasing fouling with fluid temperature
(Gdmundson, 1981). The wall temperature affects
the crystallization rate and the strength of the
particulate deposition adhered to the wall. The
particulate deposition adhered to the surface of a
heat exchanger grows in the opposite direction to
the fluid flow direction and is consisted of inner,
intermediate and outer layers which determine the
fouling characteristics. Thus the structure of each
layer and its effect on the fouling should be
investigated.

Borio et al (1977) investigated the slagging and
fouling properties using the pilot scale solid fuel
burning test facility. They developed a standard-
ized test procedure giving a highly quantitative
chemical, physical, and thermal property mea-
surements to be determined on ash deposits as a
function of firing rate, providing the designer
with information concerning relative ash deposi-
tion rates, critical gas temperatures, relative
deposit bonding strengths, and relative waterwall
heat absorption rates. Barratt and Unsworth
(1988) investigated the chemical and physical
structure of ash deposits formed on the surface of
heat exchanger during combustion of a number of
pulverized coals in a pilot scale combustor under
conditions similar to those in a utility boiler
furnace. They also investigated the strength of ash
deposits by blowing soots by air lance. Baxter et
al. (1990) investigated dynamic growth of ash
deposits using the high speed cameras and the
temperature controlled deposition probes in the
multifuel combustor, and carried out experiments
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at conditions simulating three locations (near
-flame region, the superheater region, and the
convection pass) in a boiler. The results showed
the particle capture efficiencies and the fraction of
fly ash particles that adhered to the probe upon
contact as a function of coal type, extent of
particle burnout, and time.

Marner and McDavid (1989) developed a fou-
ling probe to monitor the fouling process. They
injected slaked lime into the hot gas stream for-
med by gas firing and observed the shape of
particles deposited on the fouling probe, present-
ing the local and average fouling factor as a
function of gas temperature, gas velocity, flow
rate of cooling air, etc. Sohal (1993) applied the
similar fouling probe with a microprocessor
-based control system and a data acquisition
system to the industrial flue environment at two
utility boiler sites, and proved that the probe was
capable of measuring fouling in a harsh environ-
ment. He also suggested several improvements to
the probe to further increase its capabilities to
monitor fouling effects in varied environments.
Kamer et al. (1994) suggested the new analysis
techniques using the scanning electron micros-
copy and the electron microprobe analysis
(SEM/EMPA) in order to understand deposit
formation mechanisms and to help control boiler
fouling.

Reid (1984) and Walsh et al. (1990) explained
the effects of mineral composition of coal ash on
the particle deposition on the surface of heat
exchangers in their review paper. Baxter and
Desollar (1993) and Walsh et al. (1992) suggest-
ed the theoretical model to calculate the growth of
particles deposited on the heat exchanger surface.
They included the effects of inertial impaction,
thermophoresis, condensation, chemical reaction,
etc. in their model. Even though their model is
not fully verified by the experimental data at pilot
and utility scales, their results can be used to
predict the qualitative trends of fouling phenom-
ena.

The behavior of gas flow and fly ash motion
has an important effect on the performance of
utility boiler using the coal as a fuel. However,
many researches were not carried out due to the
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difficulties in the experiments and the very com-
plex phenomena of particulate two-phase flow.
Thus, in the present study, we designed the hot
wind tunnel to reproduce the conditions of utility
boiler and carried out its performance test. We
introduce the temperature control system in the
test section. The foulants are injected into the hot
gas stream through the particle feeding system
including particle generating system. The particu-
late two-phase flow behaviour, the fouling and
heat transfer characteristics to the heat exchanger
are investigated as a function of gas temperature,
fouling probe position, particle feeding rate, flow
rate of cooling air.

2. Experimental Equipments and
Methods

Figure 1 shows a drawing of hot wind tunnel
used in the present study. The total length is 10.
78m and the height is 2m. Each section is con-
nected with flanges. The major components of the
hot wind tunnel are the combustion system, tem-
perature control part, particle generation system,
foulant injection part, contraction section, test
section and chimney. The wall of hot wind tunnel
is insulated with refractory materials.

The combustor generates hot gas flame whose

Fig. 1 A drawing of hot wind tunnel.
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length and width are about 2 and 0. 7m, respec-
tively. The burner uses oil as a fuel with the flow
rate of 110t/h. The diameter and length of the
combustor are 1 and 2m, respectively. The flow
rate of fuel is proportional to that of air which is
controlled by opening and closing butterfly valve
operated by the control motor automatically or
manually. The air supplied by the blower is
divided into the air for fuel injection and that for
combustion. The flow rate of air for fuel injection
and combustion is controlled automatically by
the air control valve. The combustor changes its
shape from a circle to a rectangular at the exit
with decreasing cross sectional area because the
cross section of the hot wind tunnel has a rectan-
gular shape.

The foulant injection section follows the com-
bustor. This section has a rectangular cross sec-
tion and its length is 0.8m. Calcium hydroxides
with particle size distribution shown in Fig. 2 is
used as foulant in the present experiment. The
foulant is stored in the storage tank and the
agitator in the storage tank is rotated to prevent
the agglomeration of the foulants. The foulants
are transferred to the hopper through the screw
feeder and fall down by gravity. The vacuum
pump at the bottom of the hopper sucks in the
foulants. The foulants is feeded into the hot wind
tunnel by compressed air. The feeding rate of the
foulant is determined by the revolution speed of
the screw feeder. The R-type thermocouple for
PID control of gas temperature is located very
close to the foulant injection hole. The R-type
thermocouple for PID temperature control mea-
sures the hot gas temperature.

The contraction section follows the foulant
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Fig. 2 Particle size distribution.
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injection section. This section is used to obtain
the uniform flow velocity in the test section and
has a three-dimensional curved shape with the
contraction rate of 4 and is designed according to
the Morel’s method of Tulapurkara and Bhalla
(1988).

The test section follows the contraction section
and consists of two parts in order to see the effect
of gas velocity on the fouling. The cross-sectional
area in the second part of test section is twice as
much as that in the first part, reducing the flow
velocity half of that in the first part. The first part
has three ducts whose cross sections are 0.3m x0.
3m and whose length is 0.9, 0.7, and 1.14m,
respectively. These ducts are connected by the
The second part also has three ducts
whose sections are 0.45mx0.45m and
lengths are 0.7m. The six lids are located at the
upper part of test section and each lid is made a

flange.
Cross

single body with a fouling probe. The fouling
probe is a single tube or tube bundles with stag-
gered or non-staggered configuration depending
on the experimental conditions. The side part of
the test section has holes of ¢33 and insert the
measuring probes such as thermocouples, pitot
tube, etc., through this hole. More detail informa-
tions for experimental equipments are shown by
Ha and Kim (1997).

Figure 3 shows the assembly of fouling probe
used in the present experiment. The fouling probe
used is the Cr-Mo steel used in the utility boiler.
The K-type thermocouple is used to measure the
temperature at the inner and outer surface of the
fouling probe. Because the fouling probe is
exposed to the hot gas stream, the cooling air
passes through inside of the fouling probe in
order to control the fouling probe temperature.

Fig. 3 Assembly of fouling probe.

The cooling air is supplied by the blower or
compressor. If we change the flow rate of cooling
air, we can control the temperature at the inner
and outer surface of the fouling probe which is
one of the important factors to affect the fouling
behavior. The temperatures of cooling air at the
inlet and exit are measured using the K-type
thermocouple.

The data acquisition system measures the gas
temperature before and after the fouling probe,
the temperature at the inner and outer surface of
the fouling probe, and the cooling air tempera-
tures in order to calculate the heat transfer rate
and fouling factor while the foulants are adhered
to the fouling probe. All temperatures are record-
ed as a function of time using the computer. The
pitot tube with circulating cooling water measures
the gas velocity exposed to the hot gas stream.
The gas velocity measured using the pitot tube of
the present study is compared with that using the
commercial pitot tube in the cold flow condition
in order to check the accuracy of the measured
gas velocity using the present pitot tube, re-
presenting well in the cold flow condition. The
hot gas velocity measured using the present pitot
tube is corrected by compensating the density in
the hot flow condition.

We calculate the local and average fouling
factor using the measured data and similar calcu-
lation method given by Marner and MacDavid
(1989). The local heat transfer rate at the stagna-
tion point from the hot gas to the probe is calcu-
lated as

Qtocat: UAAT = (]Aa( Tg — wazv) (1 )

where Ao, T, and T, are the outside surface area
of the probe, gas temperature and inside wall
temperature, respectively. {/ in Eq. (1) represents
the overall heat transfer coefficient. Thus, the

. | ..
thermal resistance, <— , under clean conditions
(s

U
before particulate deposition may be expressed as
Ay b Adn(ay/d)
(7). o 50 2)

where /1, represents the convective-radiative heat
transfer coefficient between the probe and hot gas.
d.. do» L and zp in Eq. (2) are, respectively, the
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inside diameter, outside diameter, length and

thermal conductivity. The thermal resistance,

<2]>, with fouling after particulate deposition

may be expressed as

<L> _ 1 + Aoln{do/d;)
U s hrc 27TkL

where R, represents the fouling factor. Thus the

+ Ry 3)

local fouling factor at the forward stagnation
point is calculated using Egs. (2) and (3) expres-
sed as

(R wea=(3), (1)~ (A_Ug);u>f

_<AO(7jg“Twz')> (4)
Qrocas ¢

Quocar in Eq. (4) is calculated using the inside
and outside temperature measured for the case
with and without fouling expressed as

Qrocar =275 (5)
2kl

The average fouling factor is calculated using the
inlet and outlet temperatures measured for coo-
ling air, 7,; and 7,,,, expressed as

)= ), (1) (T2
Ul Ul/e Qave ;
-~ AoL.MTD>
< Qavs ¢
where Q.. and LMTD in Egs. (6) are expressed
as

(6)

Qavg:macpa( Ta,o_ Ta.j) (7)
LMTD: (Tg- Ta,o) :(Tg* Ta,j) (8)
in( L=z
Tg— Ta,j

3. Results and Discussion

The experiment starts by igniting the burner
and setting up the target temperature in the test
section. We monitor the gas temperature mea-
sured from the thermocouple for PID temperature
control located before the contraction section and
wait for until the gas temperature reaches the
target temperature. It takes more than a hour for
the gas temperature in the test section to reach the
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Table 1 Parameters used in the present experiment.

Parameter Range
Gas Temperature, 7, 700~1000 “C
Average Gas Velocity, V, 8~10 m/s
Test Duration, ¢ 2~3 hours

Particulate Feed Rate 33.23~44.39 g/min

Cooling Air Feed Rate 0.0168~0.0451 m®/s
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Fig. 4 Typical data for (a) gas temperature, (b)
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steady state of the target temperature. After the
system reaches the steady state, the foulants gener-
ated in the particle generation system are injected
into the hot gas stream. Table | shows the param-
eters used in the present experiment to study the
heat transfer and fouling under different experi-
mental conditions. These give
Reynolds numbers in the range of 1870~3620

parameters

based on the fouling probe diameter, gas velocity
and kinematic viscosity.

Figure 4 shows the typical data for gas, surface
and cooling air temperature as a function of time.
These are measured at the upstream and down-
stream of fouling probe, at the inner and outer
surface of stagnation point of fouling probe, at
the inlet and outlet of fouling probe, respectively.
These temperatures are used to calculate the heat
transfer rate and fouling factors in Eqs. (1) ~ (8).
The gas temperature maintains almost the steady
state during the experiment after the system
reaches the steady state. With the particle feeding,
the value itself of the inner and outer surface
temperature and the difference between the inner
and outer surface temperature decrease with
increasing amount of particle adhered to the
probe surface as time goes by. The inlet tempera-
ture of cooling air maintains a constant value but
the outlet temperature decreases with particle
deposition on the probe similar to the surface
temperature. The gas, surface and cooling air
temperature data obtained from the present exper-
iments for the following cases are shown by Ha
and Kim (1996).

At the end of the experiment, we take the
fouling probe out of the test section. observe the
shape and measure the thickness of foulant de-
posited on the surface of fouling probe. Figure 5
shows the sketch of the typical shape of particles
deposited on the fouling probe. Figure 6 shows a
photo for the fragment of foulants adhered
around the stagnation point. The particulate
deposition pattern, heat transfer and fouling fac-
tor along the probe have close relation with the
gas flow over the fouling probe. The particulate
two-phase flow impinges directly on the stagna-
tion point, leaving the large amount of foulants
adhered to the stagnation point (§==0°) of the

Gas Mow o
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Fig. 5 A typical shape of particle deposited on the
surface of fouling probe.

Fig. 6 A fragment of particle deposited around the
stagnation point of fouling probe.

fouling probe. The stagnation point is the loca-
tion of maximum pressure. The pressure decreases
in the stream-wise direction and the particulate
two-phase flow accelerates under the influence of
a favorable pressure gradient. The foulant adher-
ed to the probe is removed and entrained to the
gas flow due to erosion, giving decreasing thick-
ness in the stream-wise direction from the stagna-
tion point. Thus, the particles are little deposited
on the probe surface around #=:=90°, which
maintains relatively clean condition. After a pres-
sure eventually reaches a minimum value, the
flow decelerates toward the rear of the probe in
the presence of an adverse pressure gradient,
leading to flow separation and formation of a
wake in the downstream region. Thus the foulant
is re-entrained in the wake region again and
adhered to the probe around #=180°. The physi-
cal characteristics of foulants adhered to the stag-
nation point around ¢=0° shows a high cohesive
power with the smooth surface. But the foulants
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adhered in the wake region around ¢ =180° show
very low cohesive power and are detached easily
with small disturbance.

The heat transfer rate and fouling factor for
different positions along the probe from the stag-
nation point are investigated as a function of
time. In order to measure the temperature at the
inner and outer surface for different positions of
g=0° (stagnation point), 90° and 180°, the exper-
iments are carried out separately after the assem-
bly of fouling probe is first located in the position
normal to the flow direction and then rotated in
the clockwise direction of 90° and 180°. The
target gas temperature, gas velocity, flow rate of
cooling air and foulant feeding rate are 1000°C, 8

Heat Transfer Rate (W)

AR T S S
Time (run}
Fig. 7 Local heat transfer rate for different angles of
¢=0°, 90° and 180° as a function of time: T,
=1000 °C, V,=8 m/s, =0.0282 m%/s, s,
=44.39 g/min.
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Fig. 8 Local fouling factor for different angles of 4
=0°, 90° and 180° as a function of time: T,
—=1000 °C, V,=8 m/s, ©=0.0282 m%/s, 1,
=44.39 g/min.
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m/s, 0.0282 m®/s and 44.39 g/min, respectively.
Figures 7 and 8 show the local heat transfer
rate and fouling factor for different positions of g
=0°, 90° and 180° as a function of time. The
circle, square and triangle in Figs. 7 and 8 repre-
sent the heat transfer rate and fouling factor at g
=0°, 90° and 180°, respectively. The heat transfer
rate decreases and fouling factor increases with
increasing foulant deposition since the thermal
resistance increases due to fouling. Because the
thermal conductivity of foulant is low compared
to that of probe, the heat transfer rate decreases
and fouling factor increases very rapidly once the
foulant is adhered to the fouling probe. The
decreasing rate of the local heat transfer rate and
increasing rate of the fouling factor during an
initial period with foulant feeding is very large
when a large amount of foulant is adhered to the
surface of probe. As time goes by, the amount of
foulant adhered to the fouling probe reaches the
equilibrium state with that removed from the
fouling probe, giving almost the uniform foulant
deposition. Thus, the heat transfer rate decreases
and fouling factor increases gradually, approach-
ing to the steady state of uniform value. Before the
foulant feeding, the local heat transfer rate at §=
0° has a maximum value. The local heat transfer
rate decreases in the streamwise direction, giving
lower value at §=90° compared to that §=0°.
The heat transfer rate increases slightly again in
the wake region, resulting in the larger heat trans-
fer rate at @=180° compared to that at §=90°.
After the foulants are injected into the hot gas
stream, the foulants are adhered to the probe. The
amount of foulants adhered to the probe has a
maximum value at the stagnation point of #=0°.
The local heat transfer rate and fouling factor at
6=0° decrease very rapidly during an initial
period, followed by slowly decreasing period and
approaching to the final steady state. However,
because the amount of foulants adhered to the
probe at #=90° and 180° is very small compared
to that at §=0°, the local heat transfer rate at g
=90° and 180° decrease gradually compared to
that at §==0°, giving larger heat transfer rate and
smaller fouling factor at #=90° and 180° compar-
ed to those at §=0°. The local heat transfer rate
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at @=:90° is larger than that at §=180° and the
fouling factor at §=90° is smaller than that at g
=180° since the thickness of foulants adhered to
the probe at #=90° is smaller than that at §=180°.

Figure 9 shows the average fouling factor as a
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Fig. 9 Average fouling factor for different angles of

#=0° 90° and 180° as a function of time: 7,

=44.39 g/min.
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function of time when the assembly of fouling
probe is located at the normal direction (4=0°)
to the hot gas flow and rotated in the clockwise
direction of @=90" and 180° from the stagnation
point. The average fouling factor without foulant
feeding 1s zero since the surface of fouling probe
is clean. The fouling factor increases rapidly
during the initial period of foulant feeding. As
time goes by, the fouling factor increases gradu-
ally and approaches to the constant value, mean-
ing that the adhesion and removal of foulants
reach an equilibrium state. Thus, the curve of
fouling factor shows an exponential shape. At the
end of this experiment after one hour with foulant
feeding, the fouling factor increases very gradu-
ally as shown in Fig. 9. Thus, one hour is not
enough time to reach an equilibrium state for
adhesion and removal of foulants. The average
fouling factor should be the same irrespective of
the position of fouling probe in the flow direction
of hot gas under the same experimental condi-
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Fig. 11 Average heat transfer rate and fouling factor
for different flow rates of cooling air as a
function of time: 7,=1000 °C. V,=8 m/s,
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tions. The average fouling factor shown in Fig. 9
is almost the same for different positions of probe,
showing the reproducibility of the present experi-
ment.

Figure 10 shows the local heat transfer rate and
fouling factor at the stagnation point as 4 function
of time for different flow rates of cooling air. The
target gas temperature, gas velocity and foulant
feeding rate are 1000°C, 8 m/s and 44.39 g/min,
respectively. The flow rate of cooling air used are
0.0168, 0.0282 and 0.0451 m?/s, respectively. The
flow rate of cooling air can control the surface
temperature of probe. With incréasing flow rate
of cooling air, because the probe surface tempera-
ture itself decreases and the temperature difference
between the gas and the probe surface increases,
the local heat transfer rate increases with flow rate
of cooling air. We may postulate that the condi-
tions for foulants to be condensed on the probe
surface can be easily formed under the conditions
of decreasing probe surface temperature. With
increasing flow rate of cooling air, the amount of
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foulants adhered to the probe surface increases,
giving increasing thickness and width of foulant
deposition around the stagnation point. The
decreasing rate of local heat transfer rate during
an initial period increases with increasing flow
rate of cooling air. The slope of decreasing rate of
heat transfer rate determines the fouling factor.
Thus the local fouling factor increases with flow
rate of cooling air due to increasing foulant
deposition on the probe surface. Figure 11 shows
the average heat transfer rate and fouling factor as
a function of time for different flow rates of
cooling air. Because the average thickness of
foulants adhered on the probe is smaller than the
thickness at the stagnation point, the values of
average heat transfer rate and fouling factor is
lower than the local values at the stagnation
point, but the variation of average heat transfer
rate and fouling factor is similar to the local ones,
giving increasing values with flow rate of cooling
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If the feeding rate of foulant increases, the
foulant concentration in the gas stream and the
amount of foulant deposition on the probe
increase. The thickness and width of foulant
adhered around the stagnation point for the
foulant feeding rate of 37.05 g/min are 9.25 and
37.05 mm, respectively, and those for the foulant
feeding rate of 44.39 g/min are 11.3 and 39.85
mm, respectively. Figure 12 shows the local heat
transfer rate and fouling factor and Fig. 13 shows
the average ones as a function of time for different
foulant feeding rates of 33.23 and 44.39 g/min.
Because the amount of foulants adhered to the
probe surface increases with foulant feeding rate,
the decreasing rate of heat transfer rate increases
with feeding rate of foulant feeding, giving
increasing fouling factor.

Figure 14 shows the local heat transfer rate and
fouling factor and Fig. [5 shows the average ones
as a function of time for different gas tempera-
tures. If the gas temperature increases, the differ-
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Fig. 14 Local heat transfer rate and fouling factor for
different target gas temperature as a function
of time: V, =8 m/s, =0.0282 m?%/s, 31,=44.
39 g/min.

ence between the gas and surface temperature
increases and the heat transfer rate increases. The
decreasing rate of heat transfer is governed by the
foulant deposition and determines the fouling
factor. The decreasing rate of local heat transfer
rate for the target gas temperature of 1000 °C is
larger than that for 700 °C and has similar values
to those for 850 °C. Thus the local fouling factor
for the target gas temperature of 1000 °C shows
bigger values than that for 700 °C and has similar
values to that 850 °C. For the average heat trans-
fer rate, the decreasing rates of heat transfer rate
for the target gas temperature of 700, 850 and
1000 °C show the similar values. Thus the average
fouling factor as a function of time has the similar
values as shown in Fig. 15. There exists the
condition of critical gas temperature for the
foulants to be adhered to the probe surface. Below
this critical temperature, the foulant is dry and the
amount of foulant to be deposited on the probe
surface is very small. However, above this critical
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Fig. 15 Average heat transfer rate and fouling factor
for different target gas temperature as a func-
tion of time: V, =8 m/s, Q=0.0282 m¥/s, s,
=44.39 g/min.



1172 Man Yeong Ha, Dae Rae Lee, Seung Phyo Ahn and Ho Dong Park

temperature, sticky particles can be formed in the
foulants and the amount of foulant deposition
increases. The value of critical gas temperature
depends on the kind of foulants. In the present
experiment using the calcium hydroxides as
foulants, it is thought that the gas temperature of
700, 850 and 1000 °C is larger than the critical gas
temperature and the average fouling factor does
not depend much on the gas temperature above
700 °C.

4. Summary and Conclusions

We designed the hot wind tunnel and inves-
tigated the effects of position along the fouling
probe, flow rate of cooling air, foulant feeding
rate and gas temperature on the heat transfer and
fouling.

If the foulant is adhered to the fouling probe,
the heat transfer rate decreases and the fouling
factor increases vary rapidly during an early
period of fouling process. As time goes by, the
heat transfer rate and fouling factor approach to
an equilibrium value, since the amount of the
foulant adhered to the fouling probe is approxi-
mately equal to that removed from the probe.

Because the amount of foulant adhered to the
probe surface has a maximum value at the stagna-
tion point, the fouling factor at the stagnation
point has a maximum value. The amount of
foulant deposition decreases in the stream-wise
direction but increases again due to the re
-entrainment of foulant in the wake region. Thus
the amount of foulant deposition and fouling
factor at §=180° are larger than those at §=90°.

The amount of adhered on the fouling probe
and fouling factor increases with flow rate of
cooling air and foulant feeding rate. The local
fouling factor increases with gas temperature but
the average fouling factor does not depend much
on the gas temperature above 700°C
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