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Abstract - Particulate fouling studies of a hydrocarbon based suspension containing 2 µm alumina particles 
were performed in an annular heat exchanger having a hydraulic diameter of 14.7 mm. During fouling 
experiments, the classical asymptotical behavior was observed. It is shown that particle concentration, fluid 
velocity, and wall temperature have strong influences on the fouling curve and the asymptotic fouling 
resistance. Furthermore, a mathematical model is developed to formulate the asymptotic fouling resistance in 
terms of the mass transfer coefficient, thermophoresis velocity, and fluid shear rate. The results demonstrate 
that the prediction of the new model is in good agreement with the experimental observations. 
Keywords: Particulate fouling; Al2O3; Asymptotic fouling resistance; Thermophoresis; Mass transfer. 

 
 
 

INTRODUCTION 
 

Particulate fouling is defined as the deposition of 
unwanted material on a heat transfer surface. 
Products of fouling (i.e., sticking deposits) cause 
heat transfer resistance and lead to increased capital 
and maintenance costs and major production and 
energy losses in many especially energy–intensive 
industries (Müller–Steinhagen, 2011). The deposition 
of particulate matter causes problems in many 
technical applications, e.g., fouling of heat exchangers, 
contamination of nuclear reactors or blockage of 
membrane filters, leading to a wide-spread interest in 
the development of methods to predict and control 
the rate at which fine particles, suspended in liquids, 
deposit on walls (Adomeit and Renz, 1996). The 
subject of heat transfer in particulate liquids became 
popular during the 1950s (Ozbelge and Koker, 1996) 
and up to now several theoretical and experimental 
investigations have been performed. Some of the 

important published papers, especially experimental 
studies in the area of particulate fouling, are cited here. 

Epstein (1997) stated that particulate fouling is 
unlike most other categories of fouling. It shows no 
delay time before deposition is recorded, commonly 
yields a plot of mf (or Rf) vs t that follows a falling 
rate, with mf (or Rf) approaching an asymptotic 
value. He studied and summarized the particle 
deposition from suspensions flowing parallel to 
nonporous smooth and rough surfaces in terms of 
particle transport to, attachment at, and reentrainment 
from the surface. Particle deposition is commonly 
considered to be a two–step process: a transport step, 
in which particles are transferred to the wall, and a 
subsequent adhesion step, which is dominated by the 
interaction forces between particles and wall 
(Adomeit and Renz, 1996). Most of the investigations 
into transport mechanisms have concentrated on the 
situation in gas flow, where transport is frequently 
dominated by inertial effects (Papavergos and 
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Hedley, 1984). Investigations concerning particle 
transport in liquids predominantly accounted for 
Brownian diffusion (Bowen et al., 1976), in which 
the transport rate can be calculated analytically for 
laminar flow. In turbulent flow, empirically based 
correlations, e.g., that suggested by Metzner and Friend 
(1958), are used or theories for aerosol deposition 
are adapted. Since in liquids the particle relaxation 
time is considerably smaller than in gases, the theories 
that account for diffusive effects are applicable, such 
as those of Beal (1970) and Davies (1983). 

Earlier experimental investigations on particle 
deposition have focused on the influence of chemical 
materials on the deposition rates in isothermal 
laminar (Bowen and Epstein, 1979) and turbulent 
flow (Williamson et al., 1988). Other influences on 
deposition rates, such as temperature, heat transfer 
rate and flow rate have been investigated in less 
detail. Due to the practical importance of these 
influences, there is a strong need for data obtained 
under systematically varied adhesion conditions, 
covering a wide range of chemical, thermal and 
hydrodynamic parameters.  
 
 

LITERATURE REVIEW 
 

Williamson et al. (1988) studied the deposition of 
haematite (α–Fe2O3) particles of 0.2 μm diameter in 
suspension in water and found that the deposition is 
crucially dependent on the suspension pH. Melo and 
Pinheiro (1988) carried out particulate fouling tests 
using kaolin–water suspensions flowing through an 
annular heat exchanger. They used these data in a 
comparative study of several transport models. It was 
found that, in the lower range of fluid velocities (less 
than 0.5 m/s), the deposition seemed to be controlled 
by mass transfer. Kim and Webb (1991) developed a 
fouling model with an experimentally determined 
sticking probability and deposit bond strength factor. 
Their model could predict the fouling behavior of 
repeated rib tubes. The mass transfer rate was 
assumed to control the particle transport process and 
the wall shear stress assumed to control the removal 
process. The Reynolds number was between 14000–
26000 and the foulant particles contained ferric 
oxide and aluminum oxide. Furthermore, an analysis 
was performed that accounts for the forces acting on 
the particles at the wall. The deposition rate of Lake 
Ontario slit onto type 304 stainless steel was given 
by Turner and Lister (1991). They found that only 
particles less than 5 μm were found in the deposit, 
even though particles up to 25 μm were in the flowing 
slit suspension.  

The deposition of fine silica and polystyrene 
spheres was measured for conditions of laminar and 
turbulent flow in a rectangular channel using image 
analysis. Contrary to the results for laminar flow, the 
initial deposition rates in the turbulent flow 
decreased with increasing Reynolds number, 
indicating that deposition was no longer mass 
transfer controlled (Vasak et al., 1995). Karabelas   
et al. (1997) reported particulate fouling data for plate 
heat exchangers with particles of mean size 5 µm. 
The flow passage geometry and the fluid velocity 
had a strong effect on the fouling resistance. These 
results showed that fouling was adhesion controlled 
and that the maximum measured resistance was 
almost an order of magnitude smaller than the 
TEMA recommendations. They reported that 
tangential hydrodynamic forces are responsible for 
particle detachment from the heat transfer surface. 

Grandgeorge et al. (1998) performed an experi-
mental study on the liquid–phase particulate fouling 
of stainless steel corrugated plate heat exchangers. 
Deionized water containing TiO2 particles was used 
as the foulant fluid. During fouling experiments, 
asymptotical behavior was observed. A systematic 
study of the influence of the fluid velocity on the 
initial deposition rate as well as on the asymptotic 
thermal resistance of the deposit was performed. The 
influence of the suspension pH on the fouling 
process was also provided. They also proposed a 
falling-rate global model based on the idea that the 
adhesion coefficient decreases when the particles 
accumulate on the wall. Turner and Klimas (2000) 
measured the deposition rate of colloidal magnetite 
particles at alkaline pH under both single phase 
forced convection and flow boiling conditions. 

The deposition of magnetite particles from 
suspension in water at 90 °C was studied under 
various conditions of flow, chemistry, and boiling 
heat transfer. The experiments indicated that, under 
non–boiling conditions, mechanisms based on 
diffusion and thermophoresis control deposition, 
while removal is negligible (Basset et al., 2000). 
Coutinho et al. (2001) described a thermodynamic 
model for predicting the deposition of paraffinic 
waxes during production in hydrocarbon fluids at 
low and high pressures. Yiantsios and Karabelas 
(2003) obtained a set of experimental data for 
micrometer–sized particle deposition under well–
controlled hydrodynamic conditions covering a 
range of physicochemical conditions, particle sizes 
and substrate materials. Their experimental results 
revealed the important effects of gravity, lift forces, 
and physicochemical interactions. Even for particles 
in the micrometer–size range, the sticking probability 
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was limited by hydrodynamic conditions that are 
similar to or less severe than those encountered in 
industrial heat exchangers. 

Buchelli et al. (2005) analyzed particulate fouling 
in a continuous LDPE polymerization reactor and 
found that the foulant thickness grew linearly with 
time. Based on the heat and mass transfer analogy 
and analysis of the plant data they suggested that 
only a small fraction of the polymer that is 
precipitated near the reactor wall gets attached to the 
wall to produce fouling. Li (2007) provided data for 
accelerated particulate fouling in helically ribbed 
copper tubes at different concentrations, velocities, 
and geometries. Aluminum oxide particles with 3 μm 
average particle diameters were used as foulant. The 
semi–theoretical analysis of dividing a fouling factor 
ratio into a fouling process index and an efficiency 
index significantly simplified the fouling analysis. 

Recently, Jamialahmadi et al. (2009) studied the 
mechanisms of deposition of flocculated asphaltene 
particles from oil experimentally and theoretically 
under forced convective conditions using an accurate 
thermal approach. It was observed that, during the 
first few weeks the deposition mechanism was 
dominant and the erosion of the deposit was almost 
negligible. The rate of asphaltene deposition 
increased with increasing flocculated asphaltene 
concentration and temperature, while it decreased 
with increasing oil velocity.  

In this paper, micron–sized α–alumina particles 
are introduced into a hydrocarbon base fluid          
(n–heptane). There is almost no information about 
the deposition from hydrocarbon-based suspensions 

in the literature. The deposition during forced 
convection heat transfer was measured using an 
accurate thermal approach. Furthermore, by ana-
lyzing the effect of operating conditions, a new 
theoretical model was developed to predict the 
asymptotic fouling resistance. Results of this study 
could be applied in different industrial cases such as 
crude oil refineries and various types of water-cooled 
heat exchangers in chemical, food processing and 
power plants. 
 
 

EXPERIMENTAL 
 
Experimental Apparatus and Materials 
 

Figure 1 shows the test apparatus used for the 
present investigation. The solution flows in a closed 
loop consisting of a temperature controlled storage 
tank, a centrifugal pump and an annular test section. 
The flow velocity of the solutions was measured 
with a calibrated flow meter (Technical Group 
LZM–15Z Type) with the accuracy of ±0.1 l/min. 
The fluid temperature was measured by two RTDs 
(Pt–100Ω) located in mixing chambers before and 
after the test section. The complete system was made 
from stainless steel. Thermocouple voltages and the 
current and voltage drop from the test heater were 
measured and processed with a data acquisition 
system in conjunction with a computer. The solution 
temperature was controlled by cooling water coils 
inside the tanks and by electrical band heaters in 
conjunction with temperature controllers.  

 

 
Figure 1: Simplified diagram of the experimental apparatus. 
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When the fluid is heated in the annular space, 
alumina micro-particles are deposited on the test 
heater. This heater was manufactured by the Ashland 
Chemical Company (One Drew Plaza Boonton, NJ 
07005, US) according to an HTRI design. Inserting 
the test heater in the flow line creates an annular 
section. In the test section, the local wall 
temperatures were measured with four stainless steel 
sheathed miniature thermocouples (E-type), which 
were installed as close as possible to the heat transfer 
surfaces. The simplified scheme of the test heater, 
with the thermocouples’ location in it, is demon-
strated in Figure 2. This type of heater has been 
extensively used for fouling research by the other 
investigators (Najibi et al., 1997; Helalizadeh et al., 
2000). The temperature drop between the thermocou-
ple location and the heat transfer surface can be 
calculated from: 
 

w th
w

sT T q= −
λ

             (1) 

 
The ratio between the distance of the 

thermocouples from the surface and the thermal 
conductivity of the tube material (s/λw) was 
determined for each thermocouple by calibration 
measurements using a Wilson plot technique 
(Fernández–Seara et al., 2007). The average tem-
perature difference for each test section was the 

arithmetic average for the four thermocouple 
locations around the rod circumference. The average 
of the voltage readings was used to determine the 
difference between the wall and bulk temperature for 
each thermocouple. All thermocouples used were 
thoroughly calibrated by using a constant tem-
perature water bath, and their accuracy has been 
estimated to be ±0.2 °C. The local heat transfer co-
efficient α is then calculated from 
 

w b

q
T T

α =
−

                (2) 

 
The important dimensions of the test section are 

shown in Table 1. 
Prior to commencing a test run, the test heater, 

reservoir tanks and pipes were washed and cleaned 
with water and cleaning agent to remove any scale 
from previous experiments. After the system was 
cleaned, the test solution was introduced into the 
reservoir tanks. Following this, the tank heater was 
switched on and the temperature of the system 
allowed to rise. Once the fluid reached the desired 
temperature, the pump was started and the system 
left to stabilize to the desired bulk temperature and 
velocity. Then power was supplied to the test heater 
and kept at a pre–determined value. The data 
acquisition system was switched–on to record 
temperatures, pressure and heat flux. 

 

 
Figure 2: Schematic of the test heater. 

 
Table 1: Dimensions of the test section. 

 
Dimensions Value  (mm) 
Heater diameter 10.7 
Annulus outside diameter 25.4 
Heated length 99.1 
Hydraulic diameter 14.7 
Heated length to thermocouple location 82.6 
Entrance length to heater beginning 216.0 
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The base liquid was a pure hydrocarbon            
(n–heptane). It was selected since there are a large 
number of investigations in the literature on the 
deposition of fine particles from water-based 
suspensions. In addition, its boiling point and visual 
characteristics are close to those of water. Some of 
the important physical properties of n–heptane at 20 °C 
are shown in Table 2. Al2O3 microparticles were 
added to the base fluid as the foulant at different 
concentrations including 0−200 mg/l. In this study, 
alumina particles were selected since it is chemically 
inert in relation to the base fluid and there will be no 
interference of chemical reaction fouling in the 
experiments. The particle specifications are demon-
strated in Table 3.  
 
Table 2: Physical properties of n–heptane at 
288.15 K (Campbell, 1992). 
 

ρ 
(kg/m3) 

µ 
(kg/m.s) 

k 
(W/m.K) 

Cp 
(kJ/kg.K) 

M 
(kg/kmol) 

Pc 
(kPa)

Tc 
(K) 

TNBP
(K) 

688 4.1×10-4 0.14 2.209 100.2 2736 540.2 371.6

 
Table 3: Physical properties of α–alumina at 20 °C 
(Barin and Knacke, 1973; Kuzmann, 1976; 
Karabelas et al., 1997). 
 

M 
(kg/kmol) 

k 
(W/m.K) 

Cp 
(kJ/kg.K) 

ρ 
(kg/m3) 

dp, ave 
(µm) 

102 3.31 656.3 3990 2 

 
In all of the experiments, 250 ml of the 

circulating fluid was periodically withdrawn from 
the drain line of the storage tank (see Fig. 1). This 
sample was passed through a filter paper (1 µm pore 
diameter) and the filter paper then dried in an oven 
and weighed. The weight difference demonstrated 
that the reduction in the particle concentration during 
the experiments was negligible in comparison with 
the initial particle concentration. Therefore, the 
particle concentration was constant over the whole 
experiment. It should also be mentioned that no 
dispersant or stabilizer was added to the suspension. 
This is due to the fact that the addition of any agent 
could change the fluid properties and consequently, 
might influence its deposition behavior. Furthermore, 
creating a turbulent flow condition in the experiments 
guarantees the stabilization of the nanoparticles in n-
heptane. The range of operating parameters is shown 
in Table 4.  

Table 4: Range of operating conditions used in this 
work. 
 

Condition Range 
q (W/m2) Zero − 70000 
Tw (K) 300 – 350 
Tb (K) 300 – 330 
Re 6000 – 18000 
u (m/s) 0.2 – 0.7 
Cb (kg/m3) Zero – 0.2 

 
Error Analysis  
 

Uncertainty analysis was carried out by 
calculating the error of the measurements. The 
uncertainty range of the Reynolds number comes 
from the errors in the measurement of the volumetric 
flow rate and hydraulic diameter of the tubes as 
follows: 
 

.

h

ud 4 VRe
d

ρ ρ
= =

μ μπ
              (3) 

 
2 2 2.

h
.

h

(Re) V d1 ( 1)
Re V d

⎡ ⎤ ⎡ ⎤ ⎡ ⎤
δ δ δ⎢ ⎥ ⎢ ⎥ ⎢ ⎥= × + − ×
⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣ ⎦ ⎣ ⎦

      (4) 

 
The results demonstrate that the main source of 

uncertainty in the calculation of Reynolds number 
was due to the measurement of the volumetric flow 
rate. 

The uncertainty of the heat transfer coefficient (or 
equally, fouling resistance) refers to the errors in the 
measurements of the volumetric flow rate, hydraulic 
diameter, and all the temperatures.  
 

( )p in out p in out

w b w b

mC T - T ρVC (T - T )
α = =

A(T - T ) A(T - T )
         (5) 

 
2 2 2.

.

2 2

in out w b

in out w b

V A1 ( 1)
V A

(T T ) (T T )1 ( 1)
(T T ) (T T )

⎡ ⎤ ⎡ ⎤ ⎡ ⎤
δα δ δ⎢ ⎥ ⎢ ⎥ ⎢ ⎥= × + − ×
⎢ ⎥ ⎢ ⎥ ⎢ ⎥
α⎣ ⎦ ⎣ ⎦ ⎣ ⎦

⎡ ⎤ ⎡ ⎤
δ − δ −⎢ ⎥ ⎢ ⎥+ × + − ×

⎢ ⎥ ⎢ ⎥
− −⎣ ⎦ ⎣ ⎦

(6) 

 
The results demonstrate that the most important 

source of the uncertainty in the calculation of the 
heat transfer coefficient is due to the measurement of 
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temperature differences, especially the last term in 
Eq. (6). 

According to the uncertainty analysis described 
by Moffat (1988), the measurement errors of the 
main parameters are summarized in Table 5. 
Furthermore, to check the reproducibility of the 
experiments, some runs were repeated later, which 
proved to be excellent. 
 
Table 5: The uncertainties of the measured 
parameters. 
 

Parameter Value Unit Uncertainty
A 3.3×10-4 m2 0.94% 
Re 6×103 – 1.8×104 – 5.2% 
α 2×102 – 1.6×103 W/m2K 10.4% 
Rf Zero – 4.5×10-3 m2K/W 10.4% 

 
 

RESULTS AND DISCUSSION 
 

It is customary to present fouling data in terms of 
fouling resistance (Rf), which can be calculated on 
the basis of the overall heat transfer coefficient at t = 0 
and at any desired time: 
 

f
1 1R
(t) (t 0)

= −
α α =

            (7) 

 
For the range of the operating variables 

investigated, an asymptotic increase of fouling 
resistance with time was observed, which is in 
accordance with the previous particulate fouling 
experiments (Kim and Webb, 1991; Grandgeorge    
et al., 1998; Sheikholeslami, 2000; Bansal et al., 2001; 
Walker and Sheikholeslami, 2003; Müller–Steinhagen, 
2011). The values of fouling resistance were measured 
under different operating conditions, including 
particle concentration, fluid velocity, and wall tem-
perature. All of the experimental data presented in 
this study are summarized in Table 6 for better 
demonstration of the effect of the operating variables. 

Furthermore, some of the experimental results of 
this investigation are shown in Figures 3–8. As can 
be seen, a sharp increase of fouling resistance 
occurred in the initial period of time. After this time, 
the gradual increase of fouling resistance indicates 
the simultaneous effect of deposit removal.  

The effect of particle concentration on the fouling 
resistance is shown in Figure 3. The results show 
that, as the foulant concentration increases, a higher 
asymptotic value of fouling resistance is obtained. 
This is an expected result since, at higher concentra-
tion of the particles, the agglomeration and settling 
of particles on the heat transfer surface increases. 

The error limits (±10.4%) for the measured fouling 
resistances are also shown in Fig. 3 as continuous 
curves. 
 
Table 6: All of the experimental runs presented in 
this study and the corresponding results. 

 
# Tb 

(°C) 
Tw 

(°C) 
q  

(kW/m2) 
Cb  

(mg/l) 
u 

(cm/s)
Rf

*  
(m2K/kW)

1 28.0 48.2 15 15 33 0.39 
2 28.5 48.1 15 20 33 0.65 
3 28.8 49.0 15 30 33 0.95 
4 29.1 48.9 15 40 33 1.7 
5 28.8 48.3 15 55 33 1.8 
6 28.5 48.6 15 70 33 2.5 
7 28.9 49.4 15 70 20 3.68 
8 28.9 49.2 15 70 45 2.21 
9 28.1 49.4 15 70 52 1.80 
10 27.9 38.6 15 70 65 0.65 
11 29.1 31.0 1.5 70 33 0.50 
12 28.8 32.8 3 70 33 0.81 
13 29.5 37.5 6 70 33 1.80 
14 29.0 48.1 25 70 65 1.80 
15 28.6 78.1 57 70 33 3.59 
16 29.0 49.1 15 80 33 2.61 
17 28.7 48.7 15 100 33 2.70 
18 28.5 49.0 15 110 33 3.29 
19 27.8 47.7 15 170 33 4.30 
20 28.4 43.1 15 170 65 0.85 

 

 
Figure 3: The effect of particle concentration on the 
fouling curve. 
 

Figure 4 shows the effect of particle concentration 
on the asymptotic fouling resistance. As can be seen, 
a straight line can be fitted to the experimental data, 
proving that particle concentration has a linear 
relationship with the asymptotic fouling resistance. 
Thus, as shown in Fig. 4, the linear fit of the data 
gives log (Rf

*) = k + n log (Cb) with the near unit 
slope of n=0.96. This value is in agreement with that 
reported by other investigations (see, e.g., Jamialahmadi 
et al., 2000). 
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Figure 4: The effect of particle concentration on the 
asymptotic fouling resistance. 
 

Figure 5 demonstrates the effect of flow velocity 
on the deposition of Al2O3 particles. Under similar 
operating conditions of particle concentration and 
heat flux, greater fouling resistance is obtained at 
lower velocity. As the flow velocity increases, the 
shear stress exerted by the fluid on the deposit layer 
increases and, as a result of this force, deposition is 
hindered or removed.  
 

 
Figure 5: The effect of fluid velocity on the fouling 
curve. 
 

The asymptotic values of the fouling resistances 
are plotted as a function of fluid Reynolds number in 
Figure 6. The asymptotic fouling resistance decreases 
significantly as the fluid velocity is increased. As 
will be shown later, the removal rate, Φr, increases 
with increasing shear forces at the wall of the fouled 
tube (Oliveira et al., 1993; Epstein, 1997). Some 
studies of particle deposition from flowing water 

suspension have actually shown that the attachment 
efficiency of particles to the surface also tended to 
decrease with the wall shear stress (Adomeit and 
Renz, 2000; Yiantsios and Karabelas, 2003). Thus, 
the effect of increasing fluid velocity may involve a 
dual role of enhancing removal forces as well as 
inhibiting the attachment of particles on the heat 
transfer surface. 
 

 
Figure 6: The effect of fluid velocity on the 
asymptotic fouling resistance. 
 

The effect of wall temperature on the fouling 
curve is shown in Figure 7. It is demonstrated that 
higher wall temperature causes the rapid deposition 
of particles on the heat transfer surface and, 
consequently, greater asymptotic fouling resistance.  
 

 
Figure 7: The effect of wall temperature on the 
fouling curve. 
 

Figure 8 indicates that the asymptotic fouling 
resistance of alumina particles on the heat transfer 
surface depends strongly on the wall temperature. 
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The main effect of the wall temperature on the 
asymptotic fouling resistance is through the 
diffusivity of particles and the sticking probability in 
the deposition process. In general, the mass transfer 
coefficient is a linear function of temperature, while 
the sticking probability generally increases exponen-
tially with the wall temperature according to an 
Arrhenius relationship. The non–linear trend shown 
in Fig. 8 may indicate that both mechanisms are 
important with respect to the asymptotic fouling 
resistance. 
 

 
Figure 8: The effect of wall temperature on the 
asymptotic fouling resistance. 
 
 
CORRELATING THE EXPERIMENTAL DATA 
 

Particulate fouling results from the combined 
effect of the deposition and removal processes. The 
deposition process can be divided into two 
consecutive processes: the transport of particles to 
the wall and the adhesion of particles at the wall. The 
net deposition rate is generally expressed as (Kern 
and Seaton, 1959): 
 

f
d r

dm
dt

= Φ −Φ              (8) 

 
where Φd is the deposition rate and Φr is the removal 
rate. Each term is proved to be (Watkinson and 
Epstein, 1970): 
 

d p m bS .K .CΦ =              (9) 
 
and 
 

r 2 f wK mΦ = τ             (10) 

where Sp is the sticking probability, which is defined 
as a probability that a transported particle will stick 
to the wall (Watkinson and Epstein, 1970). Km is the 
conventional mass transfer coefficient and τw the 
wall shear stress. Insertion of Eqs. (9) and (10) into 
Eq. (8) yields the following asymptotic fouling 
resistance equation, which is known as the Kern and 
Seaton (1959) correlation: 
 

( )2 wK t*
f fR R 1 e− τ= −           (11) 

 
where 
 

* d
f

d d 2 w
R

. .K .
Φ

=
ρ λ τ

          (12) 

 
where λd and ρd are the deposit thermal conductivity 
and deposit density. Eq. (12) shows that the 
asymptotic fouling resistance can be predicted if the 
mass transfer coefficient Km, the wall shear stress τw, 
and the sticking probability Sp are known (assuming 
that we know the deposit density ρd and the deposit 
thermal conductivity λd). In this study, the mass 
transfer coefficient and the wall shear stress were 
calculated according to the published relations for 
smooth tubes. The mass transfer coefficient was 
evaluated using the friction velocity, u* as follows 
(Cleaver and Yates, 1975):  
 

*

m 0.67
uK 0.084

Sc
=            (13) 

 
where u* is friction velocity and can be estimated 
from: 
 

1

* w fu u
8

τ
= =

ρ
           (14) 

 
In the above equation, the Fanning friction factor, 

f, can be calculated from the classical Blasius 
equation for smooth tube flow: 
 

0.25
0.3164f
Re

=              (15) 

 
Sc is the liquid phase Schmidt number: 
 

1

1 p
Sc

D
μ

=
ρ

             (16) 

 
For submicron particles, the Brownian diffusion 

coefficient, Dp, can be determined from the Stokes–
Einstein equation (Einstein, 1956): 
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B
p

p

TD
3 d
κ

=
πμ

            (17) 

 
The sticking probability, Sp is defined according 

to (Watkinson and Epstein, 1970): 
 

w

E
RT

1
2

K .eSp
u

−

=            (18)  

 
As described in the literature, a thermal force 

moves fine particles down a temperature gradient. 
Hence, cold walls attract and hot walls repel colloidal 
particles (Epstein, 1997). The thermophoresis 
velocity, VT can be estimated according to Whitmore 
and Meisen (1977) as follows: 
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The thermophoresis effect is especially important 

at high heat fluxes and, as inferred from the 
literature, the constant of 0.26 in Eq. (19) should be 
assigned a value almost an order of magnitude 
smaller than 0.26 to match the experimental data 
(Epstein, 1997). In this investigation, due to the low 
heat fluxes (less than 70 kW/m2) employed in the 
experiments, the thermophoresis velocity was on the 
order of 10-7 m/s, almost an order of magnitude 
smaller than the mass transfer velocity, which was 
on the order of 10-6 m/s. Therefore, there was no 
need to replace the coefficient of 0.26 with the 
smaller one since the thermophoresis velocity could 
be ignored in comparison with the mass transfer 
velocity. The deposition rate of Eq. (13) can be 
corrected as follows:  
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Inserting Eqs. (18) and (20) into Eq. (12): 
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substituting the definitions of Km, VT, and τw from 
Eqs. (13) – (19) and considering all the constants in 

Eq. (21) as K3, the final relation for calculation of Rf
* 

is obtained: 
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(22)
 

 
In this equation, the values of K3 and E, estimated 

from non–linear regression of the experimental data, 
are 6.5×1014 m3.K/J and 63200 kJ/kmol, respectively. 
The activation energy obtained is in good agreement 
with previous particulate fouling studies: for 
example, Watkinson (1969) reported the activation 
energy in the deposition of a sand-water suspension 
to be 60000 kJ/kmol. Turner and Lister (1991), in a 
study of deposition of silt onto stainless steel, found 
an activation energy of 25300 kJ/kmol. Turner and 
Klimas (2000) found the value of 81000 kJ/kmol for 
the deposition of magnetite particles from water.  

Figure 9 shows the model prediction for the 
calculation of asymptotic fouling resistance. The 
results show good agreement between the model and 
all of the experimental data. The new model can 
predict the asymptotic fouling resistance with an 
absolute average error of about 19%.   
 

 

Figure 9: The comparison of the experimental 
asymptotic fouling resistance with the prediction of 
our model, Eq. (22). 
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CONCLUSION 
 

This study shows the effects of three key 
operating parameters, including wall temperature, 
fluid velocity, and particle concentration, on Al2O3 
microparticle fouling. The results show that asymptotic 
fouling resistance increases with increasing particle 
concentration and wall temperature and decreasing 
fluid velocity. Furthermore, a theoretical model is 
developed for asymptotic fouling resistance that can 
predict the experimental data with an absolute 
average error of about 19%. The modeling 
demonstrates that the effect of thermophoresis is 
negligible due to the low heat fluxes employed in 
this investigation. 
 
 

NOMENCLATURE 
 
A area  m2

Cb  Bulk concentration of 
particles  

kg/m3

Cp Specific heat  kJ/kg.K
Dp  Molecular diffusivity  m2/s
d  Duct equivalent diameter m
dp  Particle diameter m or µm
E Activation energy  kJ/kmol
f  Fanning friction factor 

defined in Eq. (13)  
dimensionless

K1 Coefficient in Eq. (14)  m2/s2

K2 Coefficient in Eq. (6)  1/Pa.s
K3 Coefficient in Eq. (18)  m3.K/J
Km  Mass transfer coefficient m/s
M Molecular weight  kg/kmol
mf Mass of deposited particles 

per surface area,  
kg/m2

q Heat flux,  W/m2

P Pressure  kPa
R Universal gas constant = 

8.314 kJ/kmol.K 
Rf  Thermal fouling resistance  m2.K/W
Rf

*  Asymptotic value of Rf m2.K/W
Re  Duct Reynolds number = 

ρlud/µl  
dimensionless

Sc Schmidt number =  
µl/ρlDp 

dimensionless

Sp  Sticking probability dimensionless
s  Distance m
T  Absolute temperature  K
t  Time  s
u*  Friction velocity defined in 

Eq. (12)  
m/s

VT Thermophoresis  
velocity  

m/s

Greek Symbols 
 
α  Overall heat transfer 

coefficient  
W/m2.K

κ  Boltzmann constant = 1.38 
×10-23 J/K 

µ  Viscosity  kg/m.s
ρ  Density  kg/m3

Φd  Particle deposition flux  kg/m2.s
Φr  Particle reentrainment flux  kg/m2.s
τ Shear stress  Pa
λ Thermal conductivity  W/m.K
 
Subscripts and Superscripts 
 
b Bulk  
c Critical  
d Deposition  
l Liquid  
NBP. Normal boiling point  
p Particle  
r Removal  
T Thermophoresis  
th Thermocouple  
w Wall  
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